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Abstract: The realization of ultra low-loss dielectric reflection gratings with 
diffraction efficiencies between 7% and 0.02% is presented. By placing the 
grating beneath the highly reflective layerstack scattering was significantly 
reduced. This concept allows the all-reflective coupling of high laser 
radiation to high finesse cavities, thereby circumventing thermal effects 
caused by absorption in the substrate. 
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1. Introduction 

During recent years the progress of microlithographic fabrication techniques has opened up a 
large number of new exciting applications for grating structures, as for example in high-power 
laser systems [1] or as a substitute for conventional optical devices such as narrow band 
spectral filters [2,3] or polarizers [4]. Due to the high reproducibility of the grating features, 
good quality gratings for most applications became commercially. However, for some 
challenging applications where extremely high efficiencies or low losses are required, the 
employment of gratings is only beginning. One example is gravitational wave detection with 
Michelson interferometers.  The sensitivity of such detectors depends on the circulating laser 
power as well as the propagation length. Both values can be improved by applying signal and 
power-recycling mirrors as was done in GEO 600 [5]. The next generation GW 
interferometers will employ laser sources of 200 W single mode radiation. Techniques like 
power recycling and Fabry Perot cavities in the arms of the interferometer will provide 
circulating powers of megawatts. For such high powers residual absorption even in the best 
substrates available, will lead to thermal effects, which will limit the performance of the 
system. Thus, new concepts using all-reflective optics for interferometers are currently under 
investigation. Reference [6] proposes some setups that include reflective gratings as beam 
splitters or as cavity couplers. The performance of these devices (damage resistance, losses) is 
a limiting factor for the whole interferometer. In this paper we want to focus on a cavity 
coupler. This coupler can be realized by high-efficiency gratings in 1st order Littrow mounting 
[Fig. 1(a)], where the specular low-efficiency 0th order is used to couple light to the cavity, as 
well as by low-efficiency gratings in 2nd order Littrow-mounting [Fig. 1(b)], where the weak –
1st order, propagating normally to the substrate, is used for the coupling.  A higher diffraction 
efficiency, however, tends to require a heavier treatment of the initial flat surface. It can thus 
be roughly assumed that the losses of a grating increase with diffraction efficiency, so that the 
second approach seems to be more beneficial. Recently we have demonstrated the realization 
of a high finesse cavity using low-efficiency dielectric reflection gratings [7]. The aim of this 
work is to show how the diffraction efficiency of such gratings can be controlled and the 
scattering losses reduced. 
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Fig. 1. Gratings as cavity coupler (a) high efficiency grating: coupling by the specular 0th order 
(b) low efficiency grating: coupling by the weak -1st diffraction order 
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Fig. 2. Two approaches to combine grating and layerstack: (a) grating on top, (b) grating 
beneath the stack 

 
2. General considerations on the sample design 

The dielectric reflective cavity coupler grating consists of a substrate, a dielectric multilayer, 
and the grating itself. The scattering losses of the whole device are influenced by the quality 
of all three components. For our investigations we used substrates with a surface deformation 
of less than λ/10 as well as a standard coating process for low loss dielectric mirrors. Our 
investigations will therefore only regard the scattering caused by the grating, the majority of 
which is due to roughness of the grating grooves as well as periodical or statistical variations 
of the groove shape. The combination of grating and HR-stack can be done in two different 
ways. Either the grating can be made in the topmost layer of the stack [Fig. 2(a)], or secondly 
it can be etched into the substrate followed by coating of the multilayer stack [Fig. 2(b)]. The 
way in which the grating and layerstack are combined significantly influences the scattering as 
well as the transmission. Both layouts will be discussed in the next sections. In the cavity 
setup we used in [7], the gratings are illuminated in 2nd order Littrow mounting. The low-
efficiency –1st order is used to couple light to the cavity in a direction normal to the substrate, 
as shown in Fig. 3(a) (for a theoretical description of the cavity concept see Reference [8]). 
The finesse of the cavity built by the grating device and a highly-reflective mirror is 
determined by the reflectivities of both components [Fig. 3(b)]. The reflectivity of the grating 
in the case of normal incidence (R0°) is influenced by losses like transmission through the 
substrate (T) and scattering (S), as well as by the efficiency of diffraction in the two first 
orders (η1). As it was fabricated with binary electron-beam lithography, the grating can be 
assumed to have rectangular and therefore symmetrical grooves. The two orders therefore 
have the same efficiency. The marked arrows in Fig. 3 illustrate that the –1st order in Fig. 3(a) 
propagates through the same optical path as the –1st order in Fig. 3(b), and the diffraction 
efficiency (η1) is therefore the same in both cases. This means that when the grating couples 
light to the cavity with an efficiency of η1, the 0th-order reflectivity of the grating for normal 
incidence is given by  

+T+S)η(=R ° 10 21− .    (1) 
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 Fig. 3. (a) Incidence from 2nd order Littrow angle and (b) retroreflection for normal incidence. 

The transmission T (blue) is defined as the sum of all transmitted diffraction orders. Due to the 
same optical path h1 is the same in (a) and (b) (red arrows).  
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Our general goal is a high power build-up in the cavity, which requires reduction of the 
transmission T as well as the scattering losses S.  The finesse of the cavity is determined by 
the value of R0°. Hence, for fixed values of S and T, the finesse can be controlled by changing 
η1. For the devices discussed above, the aim was to realize efficiencies in the range below 5%.  

The propagation directions of the diffraction orders of a grating in air are given by the 
grating equation 

d

mλ
+= inm ϕϕ sinsin ,    (2) 

where λ is wavelength, d the grating period, ϕin the incident angle, and ϕm the propagation 
angle of the mth diffraction order. The setup demands that the –1st order propagates normally 
to the grating. That is, for the incident beam 

d

λ
=inϕsin .     (3) 

Since ϕin has to be smaller than 90° in air, the period has to be larger than the wavelength. A 
further issue is that every propagating order carries an amount of energy. In order to reduce 
scattering losses by additional diffraction orders, only those orders that are going to be used in 
the setup should be allowed to propagate. The period is thus restricted to less than 2λ. The 
wavelength the devices are designed for is 1064 nm (Nd:YAG- laser). Therefore, periods 
between 1064 nm and 2128 nm are eligible.  

The transmission losses of the device are primarily determined by the layerstack. Figure 4 
shows the measured angular reflectivity (s-polarized light) of the stack used here, layered on a 
plane substrate. The multilayer stack consists of 36 alternating films of Ta2O5 (refractive 
index n = 2.02) and SiO2 (n = 1.45). It was designed for a reflectivity higher than 99.95% 
between 0° and 70°. For the theoretical calculations in the next section, thicknesses of 137 nm 
and 193 nm have been assumed for the Ta2O5 and the SiO2 layers, respectively.  
 

 
 Fig. 4. Measured reflection spectrum of the dielectric layerstack composed of 

Ta2O5 and SiO2 (λ = 1.064µm) 
 

 
3. Grating on top of the HR stack 

The practice of putting a grating on top of a highly reflective layerstack is a well-established 
technique for high-efficiency dielectric reflection gratings [9-11]. The parameters to be 
optimized are the depth of the grating grooves, which are etched into the topmost layer of the 
HR-stack, and the thickness of the residual layer beneath the grating. The sum of these two 
layers results in the required thickness of the topmost layer, which can be either the high or 
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low refractive index material. We chose fused silica because its etching behaviour is very well 
investigated. For the grating-etching step it is favourable to choose a thickness t of this last 
layer such that the diffraction properties change only slowly when the groove depth is 
changed. To find the proper layer thickness theoretical calculations using the rigorous Fourier 
Modal Method [12] have been performed. A grating fill factor (ratio between ridge width and 
period) of 0.5 and TE-polarized illumination was assumed. Figure 5 shows the calculated 
diffraction efficiency η1, in the case of a grating period of 1.45µm, as a function of the groove 
depth hg and the thickness tr of the residual fused silica layer beneath the grating. The 2nd 
order Littrow angle is 47.1° for this period [Eq. (3)]. The dashed curves in Fig. 5 highlight the 
area where the efficiency is between 1% and 5%. For a thickness t of 550 nm, an efficiency of 
about 2.5% can be achieved for groove depths between 150 nm and 350 nm (along the straight 
line). This large tolerance is very beneficial for the grating-etching step.  
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 Fig. 5. Theoretical calculation of the diffraction efficiency as a function of groove depth hg 

and the thickness of the residual layer beneath the grating tr  
 

 
For fabrication of the HR-stack, a flat fused silica substrate has been coated first by ion 

beam sputtering. In accordance with Fig. 5 we chose fused silica with a thickness of 550 nm 
as the topmost layer. The grating with a 1.45µm period was fabricated by electron-beam 
lithography and reactive ion beam etching. A groove depth of 290 nm and a fill factor of 0.5 
were measured by an atomic force microscope (AFM). If the grating grooves were ideal, the 
grating would theoretically posses a diffraction efficiency of η1 = 1.5% and thus a reflectivity 
of R0° = 97% [Eq. (1)]. To analyze the losses of the real gratings we measured the angle-
resolved scattering (ARS) using the high-sensitivity ARS-instrumentation described in [13]. 
These measurements, of course, do not provide the value of the total scattering S of the device. 
Estimation of total scattering by either direct measurement with an integrating or a Coblentz 
sphere or by calculation from measured ARS curves still rises several problems, which are a 
topic of further detailed studies. These  investigations address the question how to estimate 
and even how to define the total scattering for a grating - and in particular the value of the 
angle separating efficiency from scatter - in harmony  with the instructions given for plane 
surfaces in the international standard ISO 13696. However, the ARS-measurements give 
insight into the scattering processes and are a good measure for S. The samples were 
illuminated by a Nd:YAG laser at 1064 nm wavelength, TE- polarization, and normal 
incidence. Figure 6 shows the results of these measurements. A first order diffraction 
efficiency of 1.5% was also measured by a calibrated integrating sphere. Beside the expected 
peaks there are some additional diffraction peaks in the range of 10-6 of the incident intensity 
between the 0th and the two first orders. These orders are a result of periodic fill factor 
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variations that are typical for e-beam lithographic pattern generation [14]. The scattering 
reveals a largely uniform decay over the whole space surrounding the grating, which is an 
indication for statistical roughness-induced scattering [15]. These losses might be reduced by 
low-pass filtering the grating structure. It is well-known that dielectric coatings can smooth a 
profile [16]. Consequently, covering a grating structure with a dielectric layer is a possible 
way to remove high frequency perturbations like roughness or sharp edges. If the smoothing is 
very strong only the period information is retained, therefore statistical or systematical fill 
factor variations can be removed. This is the idea of the following concept.   
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 Fig. 6. Angle resolved scattering measurement of the grating on top of the multilayer   

(λ = 1.064µm) 
 

 
4. Grating beneath the HR stack 

A smoothing of the grating profile as described in the previous paragraph can be achieved if 
the grating is first fabricated on a substrate and then coated with the HR-stack. This approach 
has been experimentally used to realize all-dielectric high efficiency reflection gratings [17] or 
low absorption low efficiency grating beam samplers [18]. A detailed theoretical analysis of 
this layout has been done for example by Elson [19]. However, simulation of the diffraction 
efficiencies of such a device is much more complicated than in the previous approach, because 
the layer growth on a structured substrate has to be included. We therefore investigated these 
elements empirically. One important issue to be considered here is the deformation of the 
layerstack by the grating. When the grating is on top, the layerstack is not disturbed by the 
grating; its reflectivity can be optimized like a simple laser mirror. Here, the surface relief of 
the grating influences the layer growth, so it will have a modified –and certainly increased– 
transmission. On the other hand the number of layers and the resulting profile smoothing form 
a volume grating with variable corrugation depending on the penetration depth of the light and 
the shape of the grating beneath. Thus, by changing the profile of the primary grating, the 
diffraction efficiency of the grating device, its transmission, and its scattering can be 
influenced or tuned.  

To investigate this issue we placed gratings with several fill factors on one substrate and 
covered them with standard HR-layerstacks as used in the grating-on-top-concept. In Fig. 7 
the cross-section of several gratings with a groove depth of 40 nm and 150 nm (measured 
before the coating process by AFM) is illustrated. The corrugation depth of the volume grating 
is obviously decreased by increasing the number of layers. Small fill factors and therefore 
narrow grating ridges disturb the layerstack more than larger fill factors. However, if Fig. 7(a) 
and Fig. 7(b) are compared, the surface reliefs become nearly equal after a certain number of 
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layers, independent from the depth of the original grating. It is therefore likely that the coating 
also smooths roughness and sharp edges.  

   

Fig. 7. Scanning electron microscope images of coated gratings 
(a) original groove depth 40 nm,  
fill factor 0.52 

(b) original groove depth 150 nm,  
fill factor 0.67 

(c) original groove depth 150 nm,  
fill factor 0.33 

 
We measured the value of η1 as well as the 0th transmitted order with an integrating 

sphere. Since the diffraction of the grating is set to be weak, measuring the 0th transmitted 
order is a good estimation for the whole transmission of the sample. The measurement results 
are shown in Fig. 8(a) and (b) (black and red lines). The dashed line in Fig. 8(b) indicates the 
transmission of the substrate without perturbation by the grating. As discussed above, a 
smaller fill factor causes a larger corrugation of the volume grating, resulting in higher 
diffraction efficiency and transmission. For larger fill factors the corrugation is smoother, and 
the diffraction efficiency approaches zero, and the transmission becomes comparable to an 
undisturbed mirror. Furthermore, the graphs for the 150 nm-deep gratings approach those of 
the 40 nm-deep gratings if the fill factor increases. This fact confirms the observations already 
made in the SEM-images. To quantify the scattering losses ARS-measurements were again 
performed for selected gratings.  
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Fig. 8. (a) Diffraction efficiency and (b) 0° transmission measured by an integrating sphere 

 
Figure 9 shows the measurement results of two gratings with a depth of 40 nm and fill 

factors of 0.49 and 0.83 (illustrated by the hollow circles in Fig. 8(a)). In Fig. 9(a) the 
intensity of the two first orders is nearly the same as in Fig. 6. Thus, this grating fills nearly 
the same optical function. The scattered light,  however, is significantly reduced. There is only 
one parasitic diffraction order with an intensity of 10-6 between the 0th and the two first orders; 
the other peaks are in the range of 10-7 or less, while in Fig. 6 all parasitic orders are higher 
than 5·10-7. Also, the background signal caused by statistical roughness is reduced from 3·10-8 
to 1·10-8. In Fig. 9(b) the scattering is further decreased, and only one parasitic order could be 
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resolved by the measurement setup. Therefore the coating smooths not only the statistical 
errors but also periodical variations of the fill factor.  
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Fig. 9. Angle resolved scattering measurement (λ = 1064 nm) of gratings coated by the multilayer 

(a) fill factor = 0.49 (b) fill factor = 0.67 
 

It can be concluded from theses measurements that scattering in diffractive cavity couplers 
can be efficiently reduced by placing a thick dielectric layerstack on top of the grating. 
Because of the resultant smoothing the resulting surface profile looks very similar for all the 
profiles considered here; roughness, sharp edges, and even small periodic fill factor variations 
are suppressed. The transmission is slightly enhanced compared to the undisturbed mirror. A 
smaller difference could be achieved by increasing the thickness of the layerstack. The 
smoothing of the grating profile is strongly influenced by the applied deposition technology 
and its parameters. A detailed analysis of the SEM-images showed that a layer consisting of 
SiO2 changes the corrugation much more than a layer consisting of Ta2O5, which is a result of 
different angular distributions of the sputter particles during the ion beam coating process used 
here. Instead of increasing the number of layers we therefore prepared a sample by inserting a 
1.5µm thick layer of fused silica between the grating and the HR-stack. The measured 
diffraction efficiencies are illustrated by the grey line in Fig. 8(a), in comparison to the other 
samples. While for smaller fill factors these are significantly different from the samples 
without this additional layer, the two graphs approach each other for larger values. Obviously 
the large fill factor profiles have reached a limiting surface corrugation, which is hardly 
changed by additional coatings. Figure 10 shows the ARS-measurements for the largest fill 
factor grating. The first order efficiency is comparable to Fig. 9(b), but the small peaks near 
35° are not observable anymore. For this grating a transmission of 10-4 was measured, which 
is the same as for the undisturbed mirror.  

5. Conclusions 

We have investigated the realization of low-efficiency dielectric reflection gratings by two 
concepts: gratings made on top of a highly reflective layerstack and the converse assembly. 
By coating the multilayer on top of the grating the losses of a grating can be effectively 
reduced. High-frequency profile features such as roughness, sharp edges or periodical fill 
factor variations are decreased, as are the scattering losses. The smoothing of the surface 
corrugation also corresponds to a decrease in diffraction efficiency. This effect can be used to 
tune the diffraction efficiency. Diffraction efficiencies between 7% and 0.02% have been 
demonstrated, with ultra low scattering losses. For a grating with 1.5% diffraction efficiency, 
a reduction of the angle-resolved scattering losses from 3·10-8 to 1·10-8 due to statistical 
scattering has been demonstrated, while parasitic diffraction orders have been drastically 
reduced.  
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Fig. 10. Angle resolved scattering measurement (λ = 1064 nm) of a grating coated by a 1.5µm 
thick SiO2 layer and the HR-stack 
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