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ABSTRACT

The use of  diffractive optical elements (DOE's) is increasing for several industrial applications.  Most elements modulate or the phase of the incoming light or its amplitude, but not both. The phase modulation DOE is the most popular because its high diffraction efficiency. However, the phase-only limitation may reduce the freedom in the element design, increasing the design complexity for a desired optimal solution. To overcome this limitation, a novel, full complex-amplitude modulation DOE is presented. This element allows full control over both phase and amplitude modulation of whatever optical wave front.  This flexibility introduces more freedom in the element design and improves the element’s optical performance, even in a near field operation regime. The phase grating of the element was fabricated in an amorphous hydrogenated carbon film.  The amplitude modulation was obtained by patterning a reflective aluminum thin film, which was deposited on top of the phase grating.  The apertures in the metal film determine the quantity of transmitted light. The use of a reflective layer in the fabrication decreases the risk of laser-induced damage since no absorption is involved in the process. With this device it is possible to obtain extremely efficient spatial filtering and reconstruct low noise images.

Keywords: Full complex-amplitude modulation, diffractive optical elements (DOE's), computer generated holograms (CGH's), DLC-based DOE’s.

INTRODUCTION

An optical element capable to control both phase and amplitude modulation is an ideal device for many optical applications in research and industry. The photographic film is a well known device for implementing the amplitude modulation control, which for this material is obtained by controlling the film’s light absorption [1, 2]. The phase modulation is achieved by controlling the thickness of an optical material with a refractive index n, like glass, used in the fabrication of lenses and prisms 3, 4]. Gratings, computer-generated Fresnel and Fourier holograms and kinoforms are Diffractive Optical Elements (DOE’s) which can be implemented using both photographic film and glass [Error! Reference source not found., 6]. The main limitation in using the photographic film is the low diffraction efficiency achieved by an amplitude element, maximally of 12.5%, if compared with the diffraction efficiency of about 90% of a phase element [7]. 

Since the beginning of the Digital Holography, in the sixties, Lohmann, Brown and Paris proposed the binary amplitude modulation detour-phase hologram to partially implement full complex-amplitude modulation using a photographic film [8, 9]. The limitation in the binary detour-phase hologram was the obligatory off-axis reconstruction and the low diffraction efficiency, less than 1%. Chu, Fienup, and Goodman proposed a direct modulation of complex amplitude using the twin-layer technique, which permitted on-axis reconstruction [10]. In this technique, one photographic film layer of variable optical thickness was used to modulate the phase and another layer of variable absorption is used to modulate the amplitude. The limitation in this approach was the low accuracy in the fabrication of film layers with both phase modulation and absorption. Also, the use of absorption inherently increases the risk of laser-induced damage even at moderate illumination power levels [11]. Noponen and Turunen presented a mathematical scheme to obtain the complex-amplitude modulation synthesizing a high-carrier-frequency diffractive element that performs phase and amplitude modulation of the first carrier-grating order without the use of absorption [12].  Kettunen, Vahimaa, Turunen and Noponen introduced the encoding of the complex amplitude varying the diffraction efficiency and the phase of the zeroth order of a carrier grating by modulating the shape of the substructure within each rectangular pixel [11]. Both schemes of modulation allowed to obtain good optical results but the fabrication of the elements required the use of variable-dose electron-beam lithography or other, even more sophisticated fabrication techniques.

In this work we present a full complex-amplitude modulation diffractive optical element, performing the direct modulation of phase and amplitude. This new element has a great potential for applications in the fabrication of new type, near field DOEs [13], masks for high-resolution proximity printing techniques used in microelectronic fabrication [13] and in new optical pre-processing and digital post-processing optical systems and telescopes, allowing the fabrication of new low-cost and low-precision optical systems [15,16]. In the design of near field DOE's for high-resolution proximity printing techniques, no optimal solution is achieved considering only the phase-only or the amplitude-only regime.

DESIGNING CONVENTIONAL DOE’S

A conventional DOE is designed using computer calculations based on the scalar diffraction of light, on the characteristics of the DOE’s media, on the desired light distribution in the DOE reconstruction plane and is determined by the fact of generating a phase-only or an amplitude-only distribution. To generate this reconstruction, it is possible to choose between designing a Fourier DOE, which employs Fraunhofer diffraction for the calculation of the element and a Fourier lens to implement the optical reconstruction, as shown in Fig. 1A [1] , or a Fresnel DOE, by considering only the free space propagation of the light to implement the optical reconstruction, as shown in Fig. 1B [1].

In the calculation of a conventional DOE, i.e. an amplitude- or phase-only modulation DOE, the following design issues must be considered:

· Determination of the light wavefront modulation distribution g(x’,y’) that should be generated in the DOE plane. The calculation of this distribution starts from the inverse light propagation of the desired light distribution f(x,y) that should be generated in the reconstruction plane, back to the DOE plane. The main goal in the design is to determine the DOE distribution g(x',y') that generates a reconstruction g(x,y) (or |g(x,y)|) as close as possible to the desired distribution f(x,y) (or |f(x,y)|) 

· The resulting inverse light propagation distribution f(x’,y’) usually presents values of both phase and amplitude, which means that this distribution must be adapted to the possible DOE distribution g(x’,y’), which, in this case, is a phase-only or amplitude-only distribution. The physical and practical limitations of the DOE medium will determine the choice of the numerical method used for its implementation. In many cases, the Iterative Fourier Transform Algorithm (IFTA), described in Fig. 2, is a natural choice [6, 17, 18].

· The final purpose for the calculation of a DOE is to establish the desired light distribution in the reconstruction plane. A distinction is made between complex amplitude objects, where f(x,y)=|f(x,y)|exp[i((x,y)], and intensity objects, where [f(x,y)]2=i(x,y)] and the argument value (x,y) of f(x,y) has total freedom and could assume any value, hence: f(x,y)=[i(x,y)]1/2exp[i((x,y)].
In the IFTA, one iteration is achieved by firstly calculating the inverse light propagation from the reconstruction plane to the hologram plane, where the hologram restrictions are applied (to force a phase-only distribution, e.g.), and then calculating the forward light propagation from the hologram plane to the reconstruction plane, where restrictions are applied (forcing the desired intensity reconstruction i(x,y)). Unfortunately, these numerical methods are computer time consuming and they usually introduce speckle noise in the reconstruction plane [6, 7]. A hundred or more iterations are needed, depending on the complexity of the design and on the desired light distribution f(x,y) in the DOE reconstruction plane. It is also possible that there exists no amplitude-only or phase-only distribution modulation function g(x’,y’) that satisfies g(x,y) ( ( f(x,y) or |g(x,y)| ( ( [i(x,y)]1/2=( |f(x,y)| over the entire reconstruction plane, where ( is a real scale factor.

Design of the complex-amplitude DOE

For the full complex-amplitude modulation DOE, there is much more flexibility in the design, considering there is always at least one solution to the problem. The resulting inverse light propagation distribution f(x’,y’) calculated from the desired light distribution f(x,y), with values of both phase and amplitude, can be directly represented by the DOE distribution g(x’,y’). In the calculus of the inverse light propagation, no restriction is made for complex amplitude objects. In this manner, g(x’,y’)=(f(x’,y’)=a(x’,y’) exp [j(x’,y’)], where 0 ( a(x’,y’) ( 1, 0 ( (x’,y’) ( 2(, and ( is a real scale factor used to normalize the maximum amplitude of |f(x’,y’)| to 1. No extra degrees of freedom or iterative methods are needed in the design during the hologram calculation. Using this approach, the total computer time is reduced by two orders of magnitude.

We have designed and implemented a Fresnel hologram considering the propagation of light as a linear spatial filter, solving the Helmholtz equation (Eq. 1) in the frequency domain for the light wavefront distribution f(x,y,z), where f(x,y,0)=g(x’,y’)=(f(x’,y’) and f(x,y,d)=f(x,y), as shown in Fig. 1B:
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where (2 is the Laplacian operator, k is the “wave number” given by k=2(/( (( is the light wavelength) and d is the distance of light propagation between the hologram and the optical reconstruction.

The distribution f(x,y,z) is travelling with a component of propagation in the positive z direction, perpendicular to the (x,y) plane, shown in Fig. 1B. The objective is to calculate the distribution f(x,y,0)= g(x’,y’) at the (x,y) plane located at the coordinate z=0. Across the (x,y) plane, the distribution f(x,y,0) has a two-dimensional Fourier transform given by
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where u and v are the coordinates in the frequency plane. The Fourier transform of the distribution g(x,y,z) across a plane parallel to the (x,y) plane, but at an arbitrary distance z, is given by
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If the relation between F(u,v,0) and F(u,v,z) can be found, then the effects of the light propagation will be evident. To find this relation, note that f(x,y,z) can be written as the inverse Fourier transform of F(x,y,z)
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and in addition f(x,y,z) must satisfy the Helmholtz Equation described by Eq. (1). The application of this requirement shows that F(u,v,z) must satisfy the differential equation
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An elementary solution of this equation can be written in the form
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The complex-amplitude distribution f(x,y,0) is determined from the desired distribution f(x,y,z) by linear spatial filtering (19). The resulting inverse light propagation distribution for a propagated distance z=d between the hologram and the optical reconstruction, as shown in Fig. 1B, has the form:
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where FT and FT-1 represent, respectively, the direct and inverse Fourier transform operator. The light distribution f(x,y,0) that should be generated in the hologram, has the form
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with ( = 1/max[ |f(x,y,0)| ], where the operator max[ ] represents the maximum value of the distribution |f(x,y,0)|. 

A 256 ( 256 pixels hologram was designed considering the reconstruction plane located of 1.2 meters from the hologram. In the design, the desired reconstruction was a real distribution f(x,y,0) = |f(x,y,0)|. exp (j0). The hologram pixel size is 40 (m by 40 (m and the total hologram size is 1024 (m by 1024 (m.

In Fig. 4 are shown the desired reconstruction distribution f(x,y,d) together with its corresponding phase and amplitude distributions, obtained after applying the propagation methods described above. 

the manufacturing process 

The full complex amplitude modulation Fresnel Hologram described in Eq. 8 must be implemented using the phase information ((x’,y’) (0 ( ((x’,y’) ( 2() and the amplitude information a(x’,y’) (0 ( a(x’,y’) ( 1). In this work, the continuous phase distribution ((x’,y’) of our Fresnel hologram can be implemented using a variable-dose electron-beam lithography or a laser ablation process, generating a continuous variation in the thickness th(x’,y’) of an optical substrate with refractive index n, using the relation
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Considering the cost and time involved in a process that generates continuous phase profiles, we propose an approximation of only four phase values, which are generated by employing two photolithography and two plasma etching steps.  The distribution function was sampled to yield 4 phase delaying levels : 0, (/2, (, and 3(/2 radians. Mask #1 will create a (/2 phase profile and mask #2 a ( phase profile.  Combining the dark and light regions of the masks it is possible to create the desired relief in the optical film.

Consider now the geometry of a rectangular pixel structure with size X ( Y that forms the hologram structure (Fig. 1B). The phase distribution ((x’,y’) can be approximated by each pixel structure using different regions inside the pixel that modulate the phase values 0, (/2, (, and 3(/2. Figure 5A shows the structure of a particular pixel that can modulate the phase between 0 and (/2. The continuous phase values of ((x’,y’) distributed between 0 and (/2 are approximated by variations in the area of the regions in the pixel that modulate the phase 0 (exp[j0]) and the phase (/2 (exp[j(/2]). The variation in the area of the region that modulates the phase 0 (from X ( Y to 0) will introduce a smooth phase variation (from 0 to (/2 rad) in the reconstruction plane.

To implement an amplitude modulation in our element, we deposited a reflective layer over the phase relief. The amplitude modulation is achieved by removing small parts of the reflective layer over the region of each pixel structure. The dimension of these apertures (or windows) must be proportional to the amplitude a(x’,y’). These apertures over each phase pixel act as a diaphragm controlling the desired light transmission. Figure 5B shows the structure of a window created over a phase pixel in order to modulate the amplitude of incident light between 0 and 1. Figure 5C shows the concept of the structure of a pixel that modulates the amplitude between 0 and 1 and the phase between 0 and (/2. We chose a reflective layer ( and not an absorbing one ), as it has the enormous advantage that all the undesired light is reflected out of the device, removing the restriction for the applications to low-power laser systems. Aluminum is a perfect choice, as it can be deposited by several techniques and its wet- and dry-etching characteristics are well known [20, 21].

The complete device fabrication sequence is shown schematically in Fig. 6. All the used process steps are well controlled and well known for micromechanical and microelectronic applications [22]. 

A three inch diameter, high transparency, optical quality glass substrate serves as a mechanical support for the active parts of the device.  Its refractive index is 1.51. We generated the phase delaying structures in an amorphous carbon layer film; this material is also often called diamond like carbon (DLC). The phase delaying structures can be generated directly in this substrate.  The best technique to do this in a reproducible and controllable way is by plasma etching.  However, there are several problems for these processes.  A glass substrate contains quite a lot of metallic impurities, which are very difficult to remove by dry etching, when compared with a high quality SiO2 substrate or film. Those impurities act locally as a micro-mask and therefore they induce a high roughness level [21, 22]. This roughness makes the element somewhat opaque and the optical characteristics of the final device will be of low quality.  Another alternative would be to etch in high quality and high purity quartz substrates.  These have only trace levels of metallic components, so the micromasking effect does not occur.  Even so, different quartz and silica based substrates etch with different characteristics [21].  Besides, these substrates are rather expensive. For these reasons, we decided to opt for a third alternative: creating the phase delaying structures in a transparent film deposited on top of a (cheap) high quality optical glass substrate.  The desired characteristics of this film are: good transparency at the used wavelength, good film thickness uniformity, good refractive index uniformity, good adhesion to the substrate, good mechanical resistance and stability.  Besides, one should be able to determine very accurately its refractive index.  For our work, it was also necessary to be compatible with integrated circuit fabrication techniques. For all these reasons, research was performed to find an adequate amorphous carbon layer film; this material is also often called diamond like carbon (DLC). To the authors’ knowledge, the use of DLC for these applications has not yet been published in the literature.
The adhesion characteristics of the film depend very much on the cleanness of the substrate before the deposition process, whatever the type of film and deposition technique used.  In this work, we used a 6 step process which is often part of a standard silicon substrate cleaning sequence.  The substrate was first rinsed during 5 minutes in streaming de-ionized water (H2O-DI), followed by a 10 minute immersion in a solution of sulfuric acid and hydrogen peroxide ( 2 to 1 ratio ), after which a 10 minute H2O-DI rinse step was performed.  The next cleaning step is a 10 minute immersion in a H2O-DI – ammonium hydroxide – hydrogen peroxide (5-1-1 ratio) solution, also at 70°C, followed again by the 10 minute rinse step.  The last step was a 10 minute immersion in ultra pure, boiling isopropyl alcohol, after which the substrate was removed very slowly from the liquid in order to avoid stains.

Reactive Sputtering is a suitable way to deposit the desired amorphous carbon films (23).  Different Ar-CH4 plasmas were investigated.  Increasing the CH4 content of the plasmas increases the deposition rate and decreases the roughness level of the deposited film.  The process which was adopted for deposition of the films, has a deposition rate of approximately 16 nm/min. Varying the processing times up to 90 minutes yielded films with different thicknesses up to 1500 nm.  The deposition rate proved to be constant in time.  AFM measurements determined that the RMS roughness of the 1.5 µm thick film was 0.4 nm when deposited on a commercial Si wafer and 2.5 nm when deposited over the glass substrate, when measured over an area of 15 µm by 15 µm.  This is less than 0.5% of the wavelength of a HeNe laser, which is the light source that is used in this work.  The refractive index of the film, nDLC, as measured by ellipsometry on the silicon substrate, is 1.60 at the 633 nm wavelength.  Reflection at the air-film interface (for perpendicularly incoming light) is therefore 5.6%.  A DLC film of approximately 1.5 µm thick absorbs approximately 6% of the incoming HeNe laser light, as measured by the UV-Vis-NIR spectrometric technique [ref].  With the cleaning sequence described above, it was possible to obtain excellent adhesion of the film to the glass substrate.

In order to fabricate the pixels with 4 different optical film thicknesses, it is necessary to perform two lithography plus etching sequences : the first one which removes 263 nm ( (/2 phase modulation) and the second one which removes 527 nm (( phase modulation).  In this way, the maximum of removed film is 790 nm (3(/2 phase modulation).  This is also the minimum allowed thickness for the deposited film.  For practical reasons, the deposition process was standardized at 1.5 µm.

On top of the DLC film, a 1.4 µm thick, positive photoresist was spun on the wafers, exposed by UV light, developed and baked.  SEM analysis shows that the side walls of the resist are nearly vertical.  This characteristic is important as the resist profile will be transferred into the underlying carbon film.

Amorphous carbon films can easily be etched by oxygen plasmas.  Several of these plasmas were investigated, in a single wafer Reactive Ion Etching (RIE) system, described in detail in reference [25].  Pressure and power levels were varied in order to obtain a process which has a reasonable carbon etch rate to resist etch rate selectivity.  A second important characteristic is the roughness induced by these plasmas, which has to be minimized.  A third requirement is that the resulting structures in the carbon film need to have side walls as vertical as possible.  This is important because if the walls were not steep, they would diffract part of the incoming laser light to undesired regions in the reconstruction plane, generating an extra noise component.  The first and second requirements are fulfilled using a process with low DC bias voltage (in modulus), while the third requirement is most easily accomplished with a very negative DC bias voltage.  In the used reactor, we found an optimum point for a pressure of 50 mTorr and an RF power level of 100 W ( power density of 0.55 W/cm2 ).  The amorphous carbon was removed with an etch rate of 299 nm/min, while the etch rate of the resist was 303 nm/min.  Although the carbon etch rate to resist etch rate selectivity is relatively low ( approximately 1:1 ) the resulting side walls are nearly vertical.

The remaining photo resist was then stripped away in an acetone bath, what didn’t affect the amorphous carbon layer. The lithography, etching and resist stripping steps were then repeated, using a second lithographic mask and an etching time twice as long as for the first etching step.  By combining the two lithographic masks, the desired pixel depth can be obtained, as shown in table I.

The roughness was measured in regions where 790 nm of carbon had been removed.  The resulting RMS roughness was 4.7 nm.  This worst case value is still less than 1% of the HeNe wavelength and should not introduce a noise level in the reconstructed image.

Over the resulting topography, a 300 nm thick aluminum layer was deposited by thermal evaporation [14]. A third lithography step is performed, this time with an exposure dose approximately half of the exposure dose of the first two lithography sequences, because of the high reflectivity of the aluminum.  All the other lithography process steps remained the same.

The aluminum is then wet etched in a mixture of de-ionized water, phosphorous and nitric acid, at room temperature.  In the open areas, the aluminum is completely removed, while the underlying amorphous carbon layer is not affected by this etching. Afterwards the remaining resist is once again removed in an acetone bath.

With the used mask set, we fabricated 12 different DOEs onto a 3-inch diameter glass substrate. Each element was 1024 (m by 1024 (m. A photography of a 3 inch wafer with the fabricated elements is shown in Fig. 7A, and a micrograph with details of the geometry of a rectangular pixel structure with size X ( Y that forms the hologram structure is shown in Fig. 7B.

OPTICAL RESULTS

Figure 9 compares the desired reconstruction f(x,y,d) of Fig. 4a with the computer and optical reconstruction of the Fresnel hologram fabricated using the amplitude and phase information of Figs. 4B and 4C. Because a constant phase distribution is assumed in the reconstruction plane (the desired reconstruction is a real distribution), no speckle noise is present in the optical reconstruction (7).  This was possible because of the total freedom in the design assured by the full complex amplitude modulation.

Figure 10a shows the phase distribution of a phase only DOE designed using one hundred iterations of the IFTA, for the desired image shown in Fig. 4a. The reconstruction plane was also located 1.2 meters away from the element. A random phase distribution was attributed to ((x,y) in the first iteration. No reconstruction window was used, i.e. the desired reconstruction f(x,y,d) occupies the whole reconstruction plane.

The phase only DOE was manufactured using a similar process sequence as described above (of course, without all the process steps concerning the third mask which determines the aluminum features).

Figure 10b shows the computer reconstruction of the phase only element and Fig. 10c shows its optical reconstruction. Because of the random phase distribution used in the first iteration a strong speckle noise is present in the optical reconstruction. 

The comparison of Figs 8B with 9C indicate clearly the superiority of the new element over the traditional phase only DOE. The improved optical performance is caused by the total freedom in the design assured by the full complex amplitude modulation.

CONCLUSION

We designed, manufactured and characterized a full complex amplitude diffractive optical element. We analyzed and compared the design methodologies of traditional DOEs and the proposed device, indicating the superior design characteristics of the new element. We developed a process sequence and manufactured several devices using this sequence.  The resulting DOEs were then physically and optically characterized.  The physical measurements ( e.g. of the roughness levels ) indicate that the process is able to yield high quality devices and the different holograms confirm the perfect feasibility to manufacture the devices.  An optical comparison between a new DOE and a traditional phase-only DOE shows clearly the superior image quality of our new device.
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Figures captions

Fig. 1: Optical reconstruction of DOEs illuminated by a uniform monochromatic coherent plane wave.

(A) Reconstruction of a Fourier hologram (Fraunhofer diffraction pattern), using a Fourier lens; (B) Reconstruction of a Fresnel hologram (Fresnel diffraction pattern), obtained by the free space light propagation of g(x’,y’) through distance d. 

Fig. 2: Schematic flow chart illustrating the IFTA for a phase-only hologram and for intensity objects.

Fig. 3: Reconstruction window used to improve the DOE reconstruction. Outside the region gr of dimensions A X B, the phase and amplitude values for g(x,y) can vary freely. 

Fig. 4: (A) Numerical reconstructed image of the desired light wave front distribution f(x,y)=|f(x,y)|exp[((x,y)], (B) amplitude a(x',y') and (C) phase ((x',y') distribution of the resulting Fresnel hologram.

Figure 5:  (a) The structure of a pixel that can modulate the phase between 0 and (/2, (b) the structure of a window created over a phase pixel in order to modulate the amplitude of incident light between 0 and 1, (c)  the structure of a pixel that modulates the amplitude between 0 and 1 and the phase between 0 and (/2.

Fig.6: Schematic view of the complete fabrication sequence of the full complex amplitude modulation diffractive optical element (DOE).

Figure 7 – The fabricated holograms (a) photography of a 3 inch diameter glass substrate, upon which 12 differente DOEs were fabricated. Among the devices are both Fourier- and Fresnel-type computer generated holograms, (b) SEM picture with details of the geometry of a rectangular pixel structure with size X ( Y that forms the hologram structure.

Fig. 8:  Comparison between the desired and the obtained reconstructions of the proposed device. (A) the desired distribution f(x,y,d), (B) optical reconstruction of the Fresnel hologram fabricated using the amplitude and phase information of Figs. 4B and 4C.

Fig 9: Results obtained by employing a phase-only device. (A) phase distribution of a phase-only DOE, designed using one hundred iterations of the IFTA for the desired image shown in Fig. 4A, (B) computer reconstruction of the phase only element, (C) optical reconstruction: a strong speckle noise is present for the considered image.

Table captions

Table I : Etch depth in the amorphous carbon film as a function of the field of the mask.
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