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Abstract

:

The infrared dichroic beamsplitter plays an important role in infrared multi-band imaging systems, especially for infrared remote sensing. This paper presents the design and preparation of a dichroic beamsplitter that is capable of reflecting near infrared (NIR) and shortwave infrared (SWIR), and transmitting medium wave infrared (MWIR) as well as longwave infrared (LWIR). A single crystal germanium (Ge) sheet is used as the substrate of the dichroic beamsplitter, while Ge, zinc sulfide (ZnS) and ytterbium trifluoride (YbF3) are selected as coating materials. The average reflectance of the dichroic beamsplitter is more than 95% in bands 1.28 to 1.38 μm, 1.58 to 1.83 μm, and 1.95 to 2.32 μm, and the average transmittance is more than 92% in bands 3.7 to 6.2 μm and 7.5 to 12.5 μm at an incident angle of 45°. The dichroic beamsplitter has been successfully applied in the optical system of infrared remote sensing. It provides a technical approach for other optical systems to separate the optical spectrum from NIR to LWIR.
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1. Introduction


Measurements of radiation at many wavelengths can provide more information about the materials in the selected feature scene, and images can be processed to extract all relevant information contained in multiple spectral bands [1]. As one of the main detection payloads on Earth observation satellites, the infrared multispectral imager has vast applications in meteorological analysis [2], environmental protection [3,4], the exploration of natural resources [5], and early warnings of geological disasters [6,7]. In recent years, because there has been a new generation of photoelectric detection technology that captures image data within specific wavelength ranges throughout the electromagnetic spectrum, multispectral imaging improves the dimension of image information and thus extends the function of traditional detection technology [8]. In a multi-channel infrared remote sensing imaging spectrometer, the spectral response is usually wide, and the instrument needs two or more detectors to detect optical signals of different bands [9]. As one of the important spectral dichroic elements, the dichroic beamsplitter plays a key role in optical path splitting, which is widely used for spectral splitting to change the transmission direction of optical signals in some wave bands so that target signals in different bands can be received by appropriate detectors and then imaged. Figure 1 is a schematic representation of the spectral separation of a dichroic beamsplitter, reflecting SWIR and transmitting MWIR and LWIR. There is a report [10] on the design and construction of a common-aperture multispectral imaging system (CAMIS) to simultaneously obtain spectral data in ultraviolet, visible, MWIR, and LWIR bands. Four dichroic beamsplitters were used to split spectra in different wavelength ranges in the CAMIS. The researchers validated the basic principles of the device by constructing an experimental setup. The spectral splitting function of the dichroic beamsplitters exerted a crucial effect on this system, which had a significant impact on the integration of the space optical remote sensor. The experimental results indicated that the system could perform celestial navigation in the visible waveband and image objects well in multiple wavebands. The dichroic beamsplitter also has important applications in the military field. Three-channel dichroic beamsplitters, sky cameras, and a main optical system are utilized to identify the wavelengths of the incident laser radiation in the far field [11]. The main contribution of this optical system is to reduce the electronic components and increase the optical components to enhance the signal-to noise ratio by using the dichroic beamsplitter technique with a sky camera detector. In multi-channel infrared imaging systems, an infrared dichroic beamsplitter is fabricated using an optical material commonly represented by a silicon (Si), Ge, or zinc selenide silicon (ZnSe) substrate with multilayer thin films on both sides. To obtain high-quality images, spectral separation must be achieved on one surface, typically the incident surface, and the dichroic beamsplitter must be optically flat. A dichroic coating stack is deposited on one side for the spectral splitting required by the optical system, and the AR coating stack is deposited on the other side for the wavelength range of the transmission area.



So far, some researchers have reported [12,13,14] on the development of infrared dichroic beamsplitters and obtained excellent research results. A dichroic beamsplitter was designed by Hendrix et al. [15]; band separation occurred on the first optically flat surface, and it separated the SWIR and MWIR bands. A study has been carried out on the design and fabrication of the dichroic coating on zinc selenide flat substrate [16]. The dichroic beamsplitter could separate the 3 to 5 μm and 7.5 to 10.5 μm wavelength regions when it was placed at a 45° angle. Cao et al. [17] developed a dichroic beamsplitter for the laser protection of infrared detectors with a high laser-induced damage threshold. The dichroic beamsplitter protected against 1064 and 532 nm lasers and had high transmittance in the detection beam band of 3.6 to 4.7 μm. Amotchkina et al. [18] developed two beamsplitters operating in the NIR and MWIR spectral ranges; the reflection channel was a band of 0.77 to 1.05 μm and the transmission channels covered wavelengths of 4 to 8 μm. In our previous research report [19], an infrared dichroic mirror based on an infrared dielectric film was able to separate SWIR from LWIR, while the polarization sensitivity was at a relatively low level in the short-infrared range as well as in the long-infrared range. Yu et al. [20] developed a multiplex lens with effective coatings, reflected visible-near infrared (VNIR) and transmitted LWIR, protecting the infrared horizon sensor from solar radiation. However, a dichroic beamsplitter operating at an incidence of 45° to reflect NIR and SWIR and to transmit MWIR and LWIR simultaneously has not been reported to our knowledge, which is the content of our work in this paper. Relying on only one dichroic beamsplitter to achieve spectral separation in the four infrared bands of NIR, SWIR, MWIR, and LWIR has practical significance for optimizing the optical path structure of the system and reducing the weight of the device.



According to the requirements of optical system design, an infrared dichroic beamsplitter divides infrared radiation into SWIR and MW-LWIR by changing the transmission direction. When passing through the dichroic beamsplitter, the NIR channel from 1.28 to 1.38 μm and the SWIR channel from 1.58 to 2.32 μm are reflected in the short-wave detection area, while the MWIR and LWIR channels from 3.7 to 12.5 μm are transmitted into the mid-long-wave detector area. In view of the spectral coverage of a dichroic beamsplitter ranging from NIR to LWIR and the high-reliability demand, the infrared dichroic beamsplitter designed and manufactured for space optical remote sensors poses new challenges for the selection of coating materials and the design of dichroic coatings.




2. Materials and Methods


2.1. Selection of Materials


A dichroic beamsplitter used in the space remote sensing instrument must meet the requirements of spectral separation and have good stability and reliability. Compared to a visible/near-infrared dichroic beamsplitter, the infrared dichroic beamsplitter is manufactured using different materials, and it is difficult to fabricate because of its larger thickness, which also makes it difficult for it to meet the requirements of spatial reliability experiments. In this paper, germanium crystal was selected as the substrate for its wide-spectrum transmission range, excellent optical uniformity, and good mechanical properties. There are only a few kinds of infrared coating materials available that are transparent in the spectrum range from NIR to LWIR. The high-refractive-index materials are Ge and lead telluride (PbTe), which are widely used in infrared optical coatings. Several low-refractive-index materials are optional, including ZnS, ZnSe, and rare-earth fluorides such as YbF3, yttrium fluoride (YF3), barium fluoride (BaF2), thorium fluoride (ThF4), etc. Among the coating materials mentioned above, PbTe is opaque at wavelengths below 3.2 μm [21], and cannot be used as a high-refractive-index material in the design of dichroic coatings that possess high reflectivity in the short-wave infrared region. ZnS and ZnSe have excellent mechanical and optical properties in the band of 1.2 to 12.5 μm. For another consideration, ZnS has good adhesion to the Ge substrate and good stability between layers according to the results of studies on ZnS thin films. It is a better choice to select commercially available ZnS as a coating material. The surface of the BaF2 coating is relatively rough, and therefore will generate scattering in the short-wave band. In addition, since the BaF2 coating is prone to moisture, protective conditions must be considered to meet spatial reliability. At a wavelength greater than 11 μm, the absorption of YF3 becomes larger [22], significantly affecting the transmittance of the longwave end in the transmission region. Considering that thorium is a radioactive element [23], ThF4 coating deposition should be carried out under special protective conditions. With excellent optical properties in the band of 1.2 to 12.5 μm and good mechanical properties, YbF3 without a radioactive element is suitable for dichroic coatings when used as a low-refractive-index material. In this paper, Ge, ZnS, and YbF3 are selected as coating materials.



In the infrared region, deposited coatings have dispersion and absorption properties. When the infrared transmission spectra of a single-layer coating are fitted with various dispersion models, optical constants of the coating can be obtained. In this paper, the Lorentz harmonic oscillator model is used as the dispersion model of coating materials. Through this model, fitting the curve of experimental transmission spectrum of all the measured single-layer coatings, optical constants of Ge, ZnS and YbF3 coatings in the infrared band were obtained, as shown in Figure 2. The optical constants of thin-film materials were simulated and fitted in a film design software. This indicates that the substrate temperature had a marked effect on the optical properties of the ZnS and Ge coatings. At a certain temperature, such as 200 °C, the refractive index of the YbF3 coating changes only a little in the SWIR region, while the refractive index of the ZnS and Ge coatings changes greatly. It should be noted that the extinction coefficient of the Ge and YbF3 coating increased when the substrate temperature was below 160 °C.



The cross-sectional morphology of the single coating layer of the sample under study was analyzed using a scanning electron microscope (SEM) known as ZEISS SIGMA 500 (Carl Zeiss AG, Oberkochen, Germany). Profile scanning was performed at an accelerating voltage (EHT) of 2.5 kV. The selected magnification was 10,000 times at a work distance of 4.7 mm. Three samples were not coated with a conductive coating such as carbon or Au. In the profile scanning diagram, ZnS, Ge and YbF3 coatings deposited at 200 °C have orderly columnar structures and no obvious defects. The results are presented in Figure 3.




2.2. Optical Coating Design


Three reflection channels distributed within a wide band of 1.28 to 2.32 μm were designated, and multiple transmission channels covering wavelengths from 3.7 to 12.5 μm were required. A reflection stack could not meet the requirements of broad-band reflection, and double reflection stacks were used in the design of dichroic coatings possessing high reflectance. The optimized design of the dichroic coating was made at a 45° angle of incidence. ZnS was used as a low-refractive-index material and Ge was used as a high-refractive-index material in the SWIR reflection band. Taking into account the serious absorption of the Ge coating at a wavelength of 1.58 μm or below, ZnS with low absorption was used as a high-refractive-index material and YbF3 was used as a low-refractive-index material in the NIR region of the reflection band. The dichroic coatings were composed of a double-reflection stack, that is, Ge/ZnS and ZnS/YbF3 multilayers. Based on the theory of optical film, the structure of a long-wave pass edge filter was adopted when designed the coating principle. The basic structure of the dichroic coatings is (0.5L H 0.5L)b, where 0.5 L means a layer of thin film of a low index with an optical thickness of one eighth of the center wavelength, H means a layer of thin film of a high index with an optical thickness of one fourth of the center wavelength, and b is the number of periods. The multilayer reflection stack design was composed of 12-layer Ge/ZnS and 12-layer ZnS/YbF3 to meet the high reflectivity requirements of the reflection band in NIR and SWIR. To further improve the transmittance of the transmission band and reduce the passband ripple, irregular matching layers were used on both sides of the basic structure and some layers were optimized in multilayers of the dichroic coatings.



In fact, Ge is a high-refractive-index material with about thirty-six percent residual reflectance on one surface of the substrate. When dichroic coatings are deposited on one side of Ge substrate, the other side of the substrate needs to be coated with broad-band antireflection (AR) coatings to obtain high transmittance in the transmission band of 3.7 to 12.5 μm. Another important aspect is that the ghost caused by the surface reflectance of the substrate can be minimized in the optical system via the fabrication of broad-band AR coatings. The antireflective surface of the dichroic beamsplitter was composed of a multi-layer ZnS/Ge/ZnS/Ge/ZnS/YbF3/ZnS/YbF3/ZnS broad-band AR coating with low reflectance in the spectral region of 3.7 to 12.5 μm. The details of the thickness of each layer are shown in Table 1. A residual reflectance curve of the designed AR coating is shown in Figure 4a, and it exhibits that the simulated reflectance at a 45° angle of incidence is mainly below 2.7%. After one side of the substrate was coated with AR coatings, the average reflectance of the designed dichroic beamsplitter that had been coated with dichroic coatings on the other side was reduced from 36% to 6.0% in the transmission band, as shown in Figure 4b.



The designed spectral curve is shown in Figure 5a,b, including the theoretical reflectance curve of the reflection channels and the transmittance curve of the transmission channels. The average reflectance of the dichroic beamsplitter in the range from 1.28 to 1.38 μm is 96%, that in the range from 1.58 to 1.83 μm is 98% and that in the range from 1.95 to 2.32 μm is 97.5%, while the average transmittance in the range from 3.7 to 6.2 μm is 94% and that in the range from 7.5 to 12.5 μm is 94.5%. The average reflectance and transmittance of the dichroic beamsplitter can be seen in Table 2.




2.3. Experimentation and Characterization


Both dichroic coatings and AR coatings were deposited in a Leybold ARES 1110 vacuum coating unit. The optical thickness monitoring system works with a Si detector and InGaAs detector, which could detect a wavelength range from 400 to 2500 nm. The ZnS layer was deposited by thermal evaporation with a molybdenum boat. In previous studies, it was discovered that optical properties of ZnS were very sensitive to substrate temperature. It was not conducive to the deposition of ZnS when the substrate temperature was higher than 230 °C. However, when the substrate temperature was lower than 160 °C, the refractive index of ZnS decreased, which was not conducive to the bandwidth control of the shortwave region. Ge and YbF3 layers were deposited via the evaporation of the electron beam. YbF3 layer cracks occurred easily when the temperature was lower than 160 °C, and the absorption in the LWIR region became larger. Experiments showed that the deposition temperature controlled at 200 °C was suitable for the preparation of the dichroic beamsplitter. All coatings were manufactured at a substrate temperature of 200 °C.



The reflectance and transmittance spectra were measured using a flat sample manufactured at the same time as the dichroic beamsplitter was, using Lambda 900 and the Spectrum GX spectrometer from Perkin Elmer, respectively. The measurement angle was 45 deg. The measured optical properties of the sample are shown in Figure 6, including the reflection curve and the transmission spectral curve.



To verify the reliability of the sample, a water immersion experiment was conducted on the sample. The sample was soaked in pure water and placed in an oven at a constant temperature of 45 °C for 12 h. The sample was taken out, and the surface of the film was observed. The surface of the sample was bright and there was no change in color compared to before it was soaked in water, as shown in Figure 7a,b.



The durability of the sample was determined under further experimental conditions, including rapid tearing with adhesive tape (adhesive tape size: 1 × 1 cm), a temperature test (maintained at a temperature of −50 °C and 60 °C for 2 h 3 times) and a damp heat test (maintained at 47 °C and 95% relative humidity for 24 h continuously). These conditions indicated that the sample could endure all the tests.





3. Results and Discussion


Given that the optical transmission efficiency and reliability of the dichroic beamsplitter are key technical indicators for its engineering applications, closely related goals and results are the focus of our study. The more periods a reflective stack is used in design, the higher the reflectivity of the reflective band. However, a higher number of periods will result in larger ripple in the passband of the transmission band. In addition, the increase in film thickness is also not conducive to the reliability control of the dichroic coatings, so the number of reflector periods in the design of the dichroic coating is strictly limited. The design of the dichroic beamsplitter utilized reflective stacks with different material combinations, and involved the selection of six-period reflective stacks in the reflective band to achieve high reflectivity while minimizing the total thickness of the film. The optimization of some dichroic coating and matching layers, and the design of the AR coating on the surface of the opposite side are important for improving the transmittance of the dichroic beamsplitter in MWIR and LWIR and in compressing the transmission band ripple. The measured average reflectance of the dichroic beamsplitter in the range from 1.28 to 1.38 μm is 95%, that in the range from 1.58 to 1.83 μm is 97% and that in the range from 1.95 to 2.32 μm is 96.5%, while the average transmittance in the range from 3.7 to 6.2 μm is 92% and that in the range from 7.5 to 12.5 μm is 92%. The average reflectance and transmittance of the dichroic beamsplitter can be seen in Table 3. The measurement of reflection and transmission spectra shows that the dichroic beamsplitter achieved satisfactory optical transfer efficiency in both the reflection and transmission bands. There is an evident discrepancy, especially between the designed and measured reflection. It should be noted that the transmittance of the band decreased at wavelengths greater than 11.5 μm. One reason is that there was lattice vibration absorption in the Ge substrate at wavelengths greater than 11.5 μm. The other cause is that the cumulative monitoring error in coating depositing affected the waveform of the transmission band. After all environmental tests were completed, both the dichroic and AR coatings did not blister, crack, or fall off. The optical properties of the sample remained almost unchanged after environmental tests. This was a satisfactory result for the space remote sensor.



A reliability environment simulation test was conducted on the designed and manufactured dichroic beam splitter to ensure that the thin-film components met the reliability requirements of in-orbit operation. The dichroic beamsplitter passed all the following reliability tests, as shown in Table 4.



Our research contributes to the optimization of the optical path structure and to reducing the weight of the payload in the space optical remote sensor by using only one dichroic beamsplitter to achieve spectral separation in the four infrared bands, NIR, SWIR, MWIR, and LWIR, that need to be covered by the optical path system. The dichroic beamsplitter designed and manufactured in our work efficiently reflects NIR and SWIR, while also exhibiting a high transmission of MWIR and LWIR. The dichroic beamsplitter designed and manufactured in our research was successfully used in a space optical remote sensor.




4. Conclusions


A dichroic beamsplitter based on Ge substrate, possessing optical properties of reflection of the wave range from NIR to SWIR and transmitting MWIR and LWIR, was designed and manufactured for the space optical remote sensor. The dichroic beamsplitter passed the 45 °C water immersion experiment. It could also withstand the requirements of environmental tests, including high-humidity and high- and low-temperature alternation, and is capable of meeting the demanding space requirements. It provides a technical approach for the development of infrared dichroic beamsplitters in other engineering projects. With the increasing performance requirements of some space remote sensing sensors, the working wavelength of the dichroic beamsplitter is hoped to be expanded, and higher optical transfer efficiency for reflection and transmission is required when the system has high requirements for imaging quality. It can be seen that the development of dichroic beamsplitters has become more challenging, which means that researchers need to invest more energy in the design and manufacturing of dichroic beamsplitters.
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Figure 1. Schematic representation of the spectral separation of the dichroic beamsplitter mounted in optical systems. 






Figure 1. Schematic representation of the spectral separation of the dichroic beamsplitter mounted in optical systems.



[image: Coatings 14 00235 g001]







[image: Coatings 14 00235 g002] 





Figure 2. The refractive index of the single-layer Ge coating (a), ZnS coating (b), and YbF3 coating (c), and the extinction coefficient of the single-layer Ge coating (d), ZnS coating (e), and YbF3 coating (f) at different deposition temperatures. 
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Figure 3. Morphology of the cross-section of sample coatings: the ZnS coating (a), Ge coating (b), and YbF3 coating, (c) deposited at a temperature of 200 °C. 
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Figure 4. Calculated transmittance of the AR coating (a) and dichroic coating (b) designed at a 45° angle of incidence on the Ge substrate. 
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Figure 5. The calculated (a) reflectanceand (b) transmittance curve of the designed dichroic beamsplitter. 
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Figure 6. (a) Measured NIR and SWIR reflection curves, and (b) the wide-infrared transmittance curve of the infrared dichroic beamsplitter. 






Figure 6. (a) Measured NIR and SWIR reflection curves, and (b) the wide-infrared transmittance curve of the infrared dichroic beamsplitter.



[image: Coatings 14 00235 g006]







[image: Coatings 14 00235 g007] 





Figure 7. (a) Sample soaking experiment, and (b) photos of the sample after soaking. 
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Table 1. The thickness of each layer of the AR coatings.
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	Number of Layers
	Material
	Thickness of Design (nm)





	1
	ZnS
	89.5



	2
	Ge
	201.3



	3
	ZnS
	281.2



	4
	Ge
	106.4



	5
	ZnS
	149.3



	6
	YbF3
	138.5



	7
	ZnS
	521.6



	8
	YbF3
	975.9



	9
	ZnS
	50.2










 





Table 2. Design results of the dichroic beamsplitter based on Ge substrate.






Table 2. Design results of the dichroic beamsplitter based on Ge substrate.














	Optical Properties
	Angle of Inclination
	B1
	B2
	B3
	B4
	B5





	Reflectance
	45°
	96%
	98%
	97.5%
	
	



	Transmittance
	45°
	
	
	
	94%
	94.5%







B1: average reflectance between 1.28 and 1.38 μm; B2: average reflectance between 1.58 and 1.83 μm; B3: average reflectance between 1.95 and 2.32 μm; B4: average transmittance between 3.7 and 6.2 μm; B5: average transmittance between 7.5 and 12.5 μm.













 





Table 3. Measured results of dichroic beamsplitter based on Ge substrate.






Table 3. Measured results of dichroic beamsplitter based on Ge substrate.














	Optical Properties
	Angle of Inclination
	C1
	C2
	C3
	C4
	C5





	Reflectance
	45°
	95%
	97%
	96.5%
	
	



	Transmittance
	45°
	
	
	
	92%
	92%







C1: average reflectance between 1.28 and 1.38 μm; C2: average reflectance between 1.58 and 1.83 μm; C3: average reflectance between 1.95 and 2.32 μm; C4: average transmittance between between 3.7 and 6.2 μm; C5: average transmittance between between 7.5 and 12.5 μm.













 





Table 4. A reliability environment simulation test on the dichroic beamsplitter.






Table 4. A reliability environment simulation test on the dichroic beamsplitter.





	Test Content
	Temp. Humidity Test
	Soaking Test
	Adhesion Test
	Temp. Alternating Test





	Test conditions
	47 °C

air humidity is 95%,

maintained for 24 h
	45 °C for 12 h

in a baking oven
	rapid tearing

adhesive tape

size: 1 × 1 cm
	−50 °C and 60 °C for 2 h; 3 times

liquid nitrogen



	Results
	passed
	passed
	passed
	passed
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