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Abstract

:

We report a systematic nanoscale investigation on the ultrathin Cr film growth process and properties. Polycrystalline metallic films were manufactured by magnetron sputtering on fused silica substrates. The film growth was observed in situ by broad-band optical monitoring (BBM) and plasma-emission spectroscopy (OES) methods. The ex situ characterization of the Cr films with thicknesses varying from 2.6 nm up to 57 nm were performed by both non-destructive and destructive techniques. Recently, we reported on a novel set of data for optical and electrical properties of sputtered chromium films. The optical and electrical properties of the films are known to be governed by their structure and microstructure, which were analyzed in detail in the present research. Moreover, the optical properties of the films were studied here in a significantly wider optical range and obtained using both in situ and ex situ measurements. Reliable in situ nanoscale characterization of metal films was shown to ensure an unfailing approach in obtaining ultrathin layers with desirable thickness and stable and well-determined optical constants and electrical conductivity. This is of high importance for various industries and novel upcoming applications.
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1. Introduction


Chromium (Cr) is a widely used transition metal that finds application in engineering [1], optoelectronics [2,3], and plasmonics [4]. Chromium films can also be used as adhesive layers [5], as spacer layers [6], as dopants [7,8], for photomasking in lithography [9], as resistors [10], as an interlayer of magnetic multilayer coatings [11], as metallic coatings to increase the resistance to environmental degradation of less corrosion-resistant metals or alloys [12], for accident-tolerant nuclear fuel claddings [13], in metameric interference thin films [14], and as decoration [15]. Chromium films are used in the engineering of various optical components. For example, chromium can be used as a light-absorbing layer in solar absorbers [16,17], for emission enhancement [7], in display applications [18], in the automotive industry [19], and in tunable filters [20].



Ultrathin metal films are of keen interest because of their unique optical and electrical properties [2,3,4,14,19,21,22]. Metal films of nanometer-scale thicknesses are semi-transparent in a wide spectral range. Moreover, the optical properties of ultrathin metal films can be easily tuned by simply varying their thickness, hence allowing for the creation of coatings with sophisticated spectral performance. Furthermore, they have very good adhesion to various substrates. Finally, by a very small change of thickness, it is possible to significantly change the optical properties of the films; hence, the use of ultrathin metal layers opens more possibilities for manufacturing tunable optics.



A potential drawback in the utilization of ultrathin transparent conductive thin metal films is their fast degradation due to environmental agents such as moisture, air gases, and temperature variation. In contrast with most metals, for chromium, oxidation does not lead to the formation of a continuous oxide layer, and even at long exposures, a fraction of the chromium surface retains its metallic nature, even at the top layers [23].



Magnetron sputtering is a well-established deposition technique. It has a long history with successful development [24,25,26,27]. Among the benefits of the magnetron sputtering process, its stability should be underlined, as well as fast deposition rate, wide choice of materials suitable for deposition by this technique, high repeatability rate, good film uniformity, and excellent process control and simplicity of scaling up.



In our previous paper [28], we investigated the optical properties of ultrathin chromium films. Before our research, no systematic study of the magnetron-sputtered ultrathin chromium films’ optical, structural, and electrical properties was available in the literature. In that publication, we introduced our approach to optical property characterizations in detail. This research instead is dedicated to the in situ analysis and comparison to ex situ investigation of magnetron-sputtered ultrathin chromium films. The film composition and morphology are known to influence and explain its macroscopic properties, and therefore we here focused on the chemical and phase composition of the films and report on their surface morphology. Additionally, we provide the film optical properties in a much larger optical range. For the first time, the growth process was studied by in situ broad-band spectral monitoring enabling a nanoscale follow-up of the growing film transmittance. The ex situ characterization of the films for their optical, structural, microstructural, and electrical properties enabled an in-depth insight into the film formation and stabilization processes.




2. Experimental Details


Chromium films were sputtered using an unbalanced magnetron source with a planar target (Cr, 99.95% purity, diameter of 101.6 mm and thickness of 6 mm, Matsurf Technologies Inc., St. Paul, MN, USA) in a Kurt J. Lesker (Jefferson Hills, PA, USA) sputtering system (PVD225). The system was initially pumped down to a base pressure below 3 × 10−7 Torr. The magnetron was driven by a pulsed DC power supply. In this work, the repetition frequency was 100 kHz, the duty cycle was 80%, and the fixed power was 300 W. The argon (Ar, >99.999% pure) flow rate was 20 sccm, and the pumping speed was adjusted to attain the argon pressure at the same value of 2.2 mTorr. The settings of the Ar flow rate and the pumping speed were not changed during the experiments. Prior to every experiment, the target was pre-sputtered for 5 min to remove impurities and possible surface oxides. The system was equipped with a magnetron and substrate shutters. The experiments were conducted at room temperature and without substrate biasing. The target-to-substrate distance was 230 mm. Optimization of the substrate holder to target distance and of the sample placement for the best uniformity was performed. Measured values confirmed +/− 0.1% uniformity over the 25.4 mm area where the substrates were positioned for the coating depositions. For all the samples, an area positioned in the middle of the sample was selected for in-situ and ex-situ mesurements of the film properties.



The films were deposited on 1 mm thick fused silica (FS) substrates of 25.4 mm in diameter. The substrate was double-side polished at λ/10. The film growth was monitored by Insoptics Sp.z.O.O. (Poznan, Poland) optical broadband monitoring (BBM). The BBM transmittance spectra were recorded in the 400–1000 nm wavelength range. The highest film thickness was measured after deposition at the film edge by profilometry Dektak 150 (Veeco, Plainview, NY, USA) in order to estimate the deposition rate, which was 1.5 Å/s. The film thickness was controlled by the deposition time.



Direct transmittance and specular reflectance spectra of the manufactured films were measured ex situ in the 300–2500 nm wavelength range using a Photon RT (EssentOptics Europe, Vilnius, Lithuania) spectrophotometer operating at normal incidence in transmittance and (in reflection) at the angle of 8° in reflectance mode.



The elemental composition of films was investigated by X-ray photoelectron spectroscopy (XPS). The XPS characterization was carried out using a Kratos (Manchester, UK) AXIS Supra+ spectrometer with monochromatic Al Kα (1486.6 eV) X-ray radiation powered at 225 W. The base pressure in the analysis chamber was less than 1 × 10−9 mbar, and a low electron flood gun was used as a charge neutralizer. The survey spectra for each sample were recorded at pass energy 160 eV in 1 eV step and high-resolution spectra (pass energy 10 eV, in 0.1 eV steps) over individual element peaks. The binding energy scale was calibrated by setting the C1s hydrocarbon peak at 284.8 eV. For surface cleaning, the monoatomic Ar+ ions gun (Minibeam 6) was used.



For time-resolved optical emission spectroscopy (OES), a Nova Fabrica Ltd. (Ignalina, Lithuania) Inteleg® 2B-PEM (Broad-Band Plasma Emission Monitoring) system (Model Number: I2BPEM-341D015000) was used. The 2B-PEM detector covers a spectral range of 200–1100 nm with a 3 nm resolution. A fiber-optic optical monitoring assembly comprising a collection lens and a collimator tube inside the process chamber was placed. It collects the light originating from dense plasma 1 cm above the target surface, integrating the light along the width of the plasma.



The Infrared spectral measurements were performed in the range of 350–4000 cm−1 using a Thermo Electron Nicolet 8700 Fourier transform infrared (FTIR) spectrometer from Thermo Fisher Scientific (Waltham, MA, USA). It was equipped with a reflectance accessory and operated at an incidence angle of 10°.



To determine the optical constants of the films, ellipsometric measurements were performed using a J.A. Woolam (Lincoln, NE, USA) VW-VASE instrument in the spectral range 260–2500 nm at three incidence angles of 55°, 65°, and 75°.



Surface topography was measured using a Dimension Edge atomic force microscope, (AFM) from Bruker (Billerica, MA, USA) in tapping mode, over a 10 × 10 μm scan area. The AFM probe was an Al and diamond-like carbon (DLC)-coated Si probe of <15 nm tip radius.



X-ray diffraction (XRD), Fourier transform infrared (FTIR) spectroscopy, ellipsometry, and X-ray reflectometry (XRR) were used for the evaluation of film phase, thickness, density, and optical constants. These results and detailed optical and electrical properties evaluation are described in a dedicated paper [28].




3. Results and Discussion


3.1. Plasma Emission Monitoring and Elemental Composition


Firstly, the in situ analysis of the optical emission line of Cr plasma was performed. In this method, characteristic emission frequencies can be assigned to every single element. The overview spectra are illustrated in Figure 1. The most intensive lines were Cr I lines: 358 nm [29,30,31,32], 426 nm [30,31,33], and 521 nm [30,31,32,34]. Moreover, less intensity emission lines near 693, 740, and 900 nm might be correlated with Cr I [31]. The other less intensive lines might be related to Ar emission [35].



The XPS studies were performed in order to confirm an elemental composition of chromium films. When analyzing ultrathin Cr films (up to 12 nm), one should take into account that a part of the signal comes from the substrate that complicated the interpretation of the results. For thicker films, the signal is less influenced by the substrate. The results on the elemental composition for 12–57 nm films were similar. The high-resolution XPS spectra of Cr2p3/2, Cr2p1/2, and O1s are shown in Figure 2. The spectra present in Figure 2a show peaks near 574 eV and 583 eV corresponding to metallic Cr [36]. No peaks for chromium hydroxydic groups Cr(OH)3, CrO(OH), and (576.3–578.3 eV) [18] were observed. Nevertheless, a small amount of oxygen atoms was identified, characterized as O1s peak, shown in Figure 2b. This corresponds to about 8 at.% of oxygen. The oxygen in the films most probably was the desorbed oxygen from the chamber walls [37,38]. Chromium films tend to form oxide [39]. However, even at long exposures in the air, a fraction of the chromium surface retains its metallic nature, including the layer surface [23].




3.2. Surface Characteristics


The film morphology was analyzed by AFM, and Figure 3 illustrates a typical surface of continuous ultrathin chromium film. For the thinnest chromium film of 2.6 nm, the root mean square roughness (Rq) was determined to be 0.9 nm. Other films showed similar Rq values. Figure 3b presents the surface of 5 nm thick film with Rq of about 0.4 nm. The sharp peak seen in the middle of the sample was caused by the dust.



For a bare substrate, Rq varied in the range from 0.3 to 0.5 nm. A higher roughness of the 2.6 nm thick film might have been due to noncontinuous film morphology. However, starting from 5 nm thickness, our chromium films were totally continuous with a smooth surface morphology.



One of the advantages of Cr films is their low percolation threshold. Cr films on glassy substrates follow Stransky–Krastanov growth mode and hence become continuous much faster than, for example, Ag or Au films [40]. Similar AFM results for chromium films are reported, for example, in [41]. For the non-continuous film, the authors of that work were able to observe small uniform nanoparticles, while for continuous films, expanded smooth homogeneous structures were observed.




3.3. Optical Properties


The film transmittance spectra (Figure 4) were acquired in situ during the Cr film growth. In the investigated optical range, the transmittance changed monotonically. For comparison, in the case of Cu [42] or Ag [43] film growth, the transmittance evolution was different. The transmittance curves of the growing ultrathin Cu and Ag films exhibited plasmonic peaks at about 600 nm and 350 nm, respectively. Using monitoring of the transmittance curves, it is possible to deposit films with precise thickness, as reported in more detail in [42,43].



Figure 5 shows that the in situ and ex situ transmittance values did not differ significantly. This can be interpreted as an indirect proof of absence of significant surface oxidation. Our measurements follow the trend reported in the literature for magnetron-sputtered Cr films [3,18]. Slight difference in the results might be caused by a difference in the deposition conditions.



Figure 6 shows the transmittance spectra of the bare substrate and deposited Cr films in a broad wavelength range from the ultraviolet to the mid-infrared. The used substrates were transparent down to 5 µm, which limited the optical range of our investigation. The drops of transmission at 1300 nm and 2200 nm were due to substrate absorption.



Figure 7 shows the reflectance spectra of a bare substrate and of the samples with deposited Cr films. For the samples with thin metal films, the absorption peak corresponding to the substrate Si-O bond was clearly observable, and its intensity decreased with the film thickness. For the bare substrate and for some samples with the thinnest among the films in this study, the same absorption peak at 2.2 µm was clearly seen in the transmittance spectra (Figure 6). This peak almost completely disappeared for the films thicker than 27 nm, both in transmittance and reflectance spectra. The IR spectra did not show any characteristic absorption peaks of chromium oxide. Similar observations were reported, for example, by Cortazar-Martínez et al. [23].



The reflectance and transmittance values of thin Cr films may be tuned as required for an application by simply varying the film thickness, and the spectral response is relatively flat in a broad wavelength range. For example, for our sputtered films, the reflectance in the IR range may be tuned from 10% for an approximately 2.6 nm thick film up to 85% for a 57 nm thick film.



The optical constants of some selected sample are reported in Figure 8. The thickness value of the thinnest film is written with the first digit after the dot. Even a little change in thickness significantly influences the retrieved values of the optical constants for such films of a few nanometer thickness. Details on the optical characterization methodology and relevant discussion may be found in a dedicated paper [28]. Afterwards, these optical constants might be used for modelling multilayer metal-dielectric coatings [44,45].




3.4. Electrical Properties


The chromium film sheet resistance measurements are shown in Figure 9. In addition, a literature review was conducted to observe how different substrates and various deposition technologies influence the film sheet resistance. It is known that the sheet resistance is dependent on the binding force between the substrate and evaporated atoms. For example, an increase in the binding force may dramatically decrease sheet resistance [41].



Figure 8 illustrates the sheet resistance change during the film growth. The values had a similar trend compared with the literature data. Initially, the sheet resistance decreased with the thickness increase, and later on, the change was less significant. It should be noticed that the samples made by electron beam technique [2] showed the highest values of sheet resistance below 20 nm film thickness (5 nm–12,600 Ω/sq, 10 nm–2250 Ω/sq, 18 nm–1500 Ω/sq), while our chromium samples that were made by the pulsed DC magnetron sputtering technique showed the lowest values. These results are in good agreement with the pulsed DC magnetron-sputtered films reported previously [3]. In that article, the sheet resistance values corresponding to the 2, 3.1, 4.5, and 8 nm films were ≈5000, 1600, 400, and 100 Ω/sq, respectively. In our case, at 2.6 nm, chromium film’s sheet resistance was 981 Ω/sq, and it dramatically dropped to 164 Ω/sq (5 nm thickness), 54 Ω/sq (12 nm thickness), 12 Ω/sq (36 nm thickness), and 7 Ω/sq (57 nm thickness). This drop in sheet resistance can be explained by reduced scattering of free carriers on the grain boundaries between the crystallites. The stabilization of sheet resistance in our chromium samples started at 5 nm film thickness because the grain diameter started to be very large in comparison with the mean free path of conduction electrons [41].





4. Conclusions


Ultrathin chromium films were prepared by magnetron sputtering on fused silica substrates. The film growth and properties were investigated in situ and ex situ. The transmittance values measured in situ were very similar to the ex situ-measured values that showed no significant influence of exposure to the air. No significant oxidation was detected by XPS or FTIR measurements.



The reflectance and transmittance spectral curves were sufficiently flat in wide wavelength ranges, being useful for many optical applications where (almost) constant optical density is required. Thickness variation of the chromium film is a simple way to tune in a broad range their spectrally flat reflectance and transmittance. It was demonstrated that in situ control of the optical transmittance of the films is a reliable and precise method to regulate the thickness of the deposited ultrathin chromium film and finely tune its electrical and optical properties.
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Figure 1. Optical emission spectra of Cr plasma. The most intensive Cr emission and Ar emission lines are indicated. 
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Figure 2. The high-resolution Cr2p (a) and O1s (b) XPS spectra for Cr ultrathin film. 
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Figure 3. Three-dimensional AFM surface images of Cr film with thicknesses of 3 nm (a) and 5 nm (b). 
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Figure 4. In situ transmittance evolution during Cr film growth. 
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Figure 5. Evolution of the transmittance values at 550 nm wavelength extracted from the spectral data acquired during Cr film growth. The in situ and ex situ data of this study (triangles) are plotted in comparison with ex situ data by Wang [18] (squares) and Rajani [3] (circles). 
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Figure 6. Ex situ UV-visible IR transmittance of bare fused silica substrate and of the samples with deposited Cr films of various thicknesses. 
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Figure 7. Ex situ UV-visible IR reflectance of bare fused silica substrate and of the samples with deposited Cr films of various thicknesses. 
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Figure 8. The optical constants of Cr films: (a) refractive index and (b) extinction coefficient. 
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Figure 9. Sheet resistance change during the Cr film growth obtained in our experiments in comparison with the literature data [2,3,46,47]. 
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