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Abstract: We analyze the diffraction characteristics of dielectric gratings

that feature a high index grating layer, and devise, through rigorous numeri-

cal calculations, large bandwidth, highly efficient, high dispersion dielectric

gratings in reflection, transmission, and immersed transmission geometry.

A dielectric TIR grating is suggested, whose −1dB spectral bandwidth is

doubled as compared to its fused silica equivalent. The short wavelength

diffraction efficiency is additionally improved by allowing for slanted

lamella. The grating surpasses a blazed gold grating over the full octave. An

immersed transmission grating is devised, whose −1dB bandwidth is tripled

as compared to its fused silica equivalent, and that surpasses an equivalent

classical transmission grating over nearly the full octave. A transmission

grating in the classical scattering geometry is suggested, that features a

buried high index layer. This grating provides effectively 100% diffraction

efficiency at its design wavelegth, and surpasses an equivalent fused silica

grating over the full octave.
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2. J. Néauport, E. Journot, G. Gaborit, and P. Bouchut, “Design, optical characterization, and operation of large

transmission gratings for the laser integration line and laser megajoule facilities,” Appl. Opt. 44, 3143–3152

(2005).

3. T. Clausnitzer, J. Limpert, K. Zollner, H. Zellmer, H.-J. Fuchs, E.-B. Kley, A. Tünnermann, M. Jupe, and D. Ris-
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1. Introduction

Diffraction gratings are an integral part of many modern optical systems, with applications

in lasers, imaging systems and telecommunication. Recently dielectric gratings have attracted

increasing interest. Due to their high resistance to laser induced damage paired with an unsur-

passed diffraction efficiency, etched fused silica gratings have found widespread use in laser

physics, for pulse compression [1, 2, 3] and wavelength control [4]. On the other hand, the

development of holographic replication techniques has enabled large area volume gratings that

are imprinted onto gelatine films sandwiched between two glass plates, known as volume phase

holographic (VPH) gratings [5, 6]. Their sealed layout (cleanability) and large possible dimen-

sions makes them the primary choice for the spectrographs of the recent generation of astro-

nomic telescopes [7, 8]. Dielectric gratings are therefore of great interest.

Here, we introduce the use of high refractive index materials to dielectric gratings. Through

rigorous numerical calculations, accompanied by intuitive models, we investigate a number

of new grating designs – representing total internal reflection types, immersed transmission

types, and classical transmission types – that are superior to the state of the art, both in terms

of peak diffraction efficiency and spectral bandwidth. Emphasis is put on devising designs

that are easily fabricated in practice. The paper is organized as follows. In the two following

section, we will walk through the principles of optical gratings (Sec. 2), and optical grating

design (Sec. 3), using the fused silica TIR grating as an example. In Sec. 4, we present our

numerical results for the diffraction characteristics of dielectric TIR gratings based on high

index materials. In Sec. 5, we extend the use of high index materials to immersed dielectric

gratings. We first analyze qualitatively the challenge of designing an immersed grating that

provides high dispersion, and subsequently present our numerical results on immersed gratings
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Fig. 1. (a)–(c) Schematics of the investigated types of dielectric gratings, (a) TIR grating,

(b) immersed grating, (c) classical transmission grating. (d) Scattering geometry of an op-

tical grating.

featuring a high index material. Finally, in Sec. 6, the use of high index materials is extended

to classical dielectric transmission gratings. The paper is concluded in Sec. 7.

2. Principles of optical gratings

If a dielectric grating is illuminated under a sufficiently large incident angle, total internal re-

flection (TIR) occurs at the grating surface, and the device is turned from a transmission grating

into a reflection grating. This configuration offers great benefits. Most importantly, reflection

is achieved without the need of a metallic coating, and thus, the low absorption loss of the

grating, and consequently a large diffraction efficiency, paired with a large resistance against

laser induced damage is maintained. Given the more than 350 year long history of the optical

grating [9], it is indeed remarkable, that this scattering geometry was discovered only recently

[10, 11, 12].

Figure 1(a) shows the schematic of the dielectric TIR grating. Similar to an ordinary trans-

mission grating, rectangular grooves are fabricated into the backside of a glass body, and the

grating is illuminated from the glass side. However, in contrast to an ordinary transmission

grating, the grating is illuminated under an incident angle that is larger than the angle of to-

tal internal reflection between glass and air (ϑT ≈ 43.6◦), such that the zero-order transmitted

beam is evanescent. Furthermore, the period T of the grating is chosen sufficiently small, such

that all other diffraction orders on the transmission side are evanescent as well. This is achieved

by stressing the scattering geometry of the grating.

Figure 1(d) illustrates the scattering geometry. Generally, as an optical grating is illuminated

with a plane wave, a number of plain waves are scattered from the grating. Waves are scattered

into the reflection region R , and into the transmission region T, that are characterized each by

their refractive index nR, respectively nT . Associated with every scattered wave is an ampli-

tude and a wavevector. The wavevector expresses the direction of the wave – or, in case the

wavevector is complex, the penetration depth of the evanescent wave. The components of the

wavevectors in the periodic direction (here the y-components, see Fig. 1) are determined by the

Bloch condition as qm = q0 + mQ, where m = −∞, . . . ,+∞ is the diffraction order, Q = λ /T ,

#100257 - $15.00 USD Received 4 Sep 2008; revised 2 Dec 2008; accepted 11 Dec 2008; published 3 Mar 2009

(C) 2009 OSA 16 March 2009 / Vol. 17,  No. 6 / OPTICS EXPRESS  4270



and q0 = nR sinϑ0. Here ϑ0 is the incident angle. We have non-dimensionalized the spatial

coordinate through r 7→ 2πr/λ . The z-components of the wavevectors are determined through

the wave equation as kS
m = (nS2 − qS

m
2
)1/2. S = R,T denotes the reflection and transmission

region, respectively. A real k represents a propagating diffraction order, a complex k represents

an evanescent wave. The latter relations imply the grating equation

sinϑ S
m = sinϑ S

0 +
mλ
nST

, (1)

which expresses the angles of the scattered waves. Angles are measured with a positive sign in

positive y-direction, and with a negative sign in negative y-direction. The angular dispersion D
follows by differentiating the latter equation with respect to λ ,

D =
∂ϑ R

m

∂λ
= − m

TnR cosϑ R
m

. (2)

The TIR grating is then arrived at, by requiring

|qm| > nT for all m. (3)

This determines a range, where the period of the grating is sufficiently small.

Generally, the highest diffraction efficiency is achieved if the grating is mounted in −1st or-

der Littrow configuration, where the −1st diffraction order is antiparallel to the incident wave,

that is −q−1 = q0. To see the benefit of this, consider the opposite case: Suppose a binary (rect-

angular profile) reflection grating is illuminated at zero incident angle, that is, perpendicular

to the surface. And suppose the period is small enough, such that only the +1st and the −1st

diffraction order are present. It is possible to choose a suitable width and depth of the grat-

ing grooves, such that the largest part of the diffracted intensity is scattered into the 0th order,

or, by choosing a different width and depth, all of the diffracted intensity is scattered into the

first order. However, due to symmetry, the intensity of the +1st and the −1st diffraction order

must be equal, such that, at maximum 50% of the diffracted intensity is scattered into a single

diffraction order. In contrast, if the incident angle is chosen such that the −1st diffraction order

is antiparallel to the 0th order, only the 0th and the −1st order are present, and the scattered in-

tensity can be distributed at will among those two orders (by choosing a suitable groove width

and depth), thus (nearly) 100% diffraction efficiency can be achieved. Remarkably, near 100%

diffraction efficiency can be achieved also with higher order Littrow configurations, character-

ized by −qm = q0, and even more surprising, this holds true even for higher order TIR gratings,

where no longer all transmitted orders are forbidden. This implies indeed, that the TIR grating

condition can be relaxed. Rather than requiring that all diffraction orders on the transmission

side be evanescent (as suggested originally in Ref.[10], and represented by Eq.3), it is sufficient

to require that the 0th transmitted order is evanescent, i.e., the ordinary condition for total inter-

nal reflection is satisfied, expressed as |q0| > nT . Independent of that, in most cases, one will

design a grating for −1st order Littrow configuration, because here, the overlap between higher

diffraction orders is minimal – the angular range per diffraction order is largest – such that the

largest spectral bandwidth can be achieved.

The Littrow configuration settles the period of the grating as

T = mλ /(2nR sinϑ R
0 ). (4)

From now on, we assume the wavelength is 1064nm, the refractive index of the glass is 1.45,

and the incident angle is 60◦. Thus, the period of the grating is T = 423.66nm in our case. This

settles also the angular dispersion, since the Littrow condition substituted in Eq.2 yields

D = (2/λ ) tanϑ0. (5)
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The dispersion is minimal at zero angle (perpendicular to the surface), and diverges at graz-

ing angles. With the above parameters, the dispersion is D = 0.187◦/nm. A comparably large

dispersion is inherent to TIR gratings, because of the necessarily large incident angle.

3. Optical grating design

To arrive at a highly efficient TIR grating, one varies the width w and depth d of the grating

grooves, and evaluates the resulting intensity of the −1st diffraction order with a suitable nu-

merical method. A number of efficient numerical methods have been developed over the past

decades, that allow to do so. Here, we use the multilayer rigorous coupled wave analysis, as

devised in Ref.[13]. The numerical code used in this work [14], is written in FORTRAN 90 and

Python [15], and is made freely available under the GPLv3; we aim to provide a computational

tool to the community, that can be openly reviewed (open source) and is free of charge. A flex-

ible and highly intuitive user interface is provided through a set of python bindings, that are

easily extended and embedded into complex computational tasks. The numerical core routines

are provided by optimized FORTRAN 90 code, relying heavily on the high performance linear

algebra package LAPACK [16], typically in form of the intel™MKL. In this work, all calcula-

tions were performed on a grid equipped with 2GHz Dual Core AMD Opteron™ processors,

and took few hundred cpu hours.

The upper panel of Fig. 2(a) shows the calculated diffraction intensity of the −1st diffrac-

tion order as a function of groove width and depth, for s-polarized light. Broad regions appear,

where the diffracted intensity is close to unity. This behavior can be understood by considering

the propagation constants in normal direction, of the modes that are excited inside the grating

region [17]. As the grating is arranged in −1st order Littrow configuration, only the fundamen-

tal and the first mode in the grating region are propagating (real k). They propagate at different

velocities, determined by their propagation constants. Thus, as they propagate, they accumulate

a phase shift. The phase shift that the waves have accumulated as they couple out of the grating

region, determines whether they are scattered into the ordinary reflected beam or into the −1st

order. In this way, by choosing the depth of the grooves, the intensity can be distributed at will

among the 0th and the −1st order. The propagation constants of the modes are determined by

their effective refractive indices. Those depend on the filling fraction of the grating, that is, the

groove width. Consequently, depending on the groove width, a different depth is required to

achieve the desired phase difference. The fringes in Fig. 2(a) correspond to integer multiples of

the interference condition. It should be noted, that, along a line in the center of each fringe, the

intensity is truly unity. This is in contrast to classical transmission gratings, where the maxi-

mum theoretical intensity is limited by the effective reflectivity of the grating, which inevitably

results in a scattering loss into the 0th order, such that 100% diffraction efficiency cannot be

reached (e.g. [18], and the discussion in Sec. 5, and Fig. 6(a)). The latter elevates the TIR grat-

ing as a unique component for applications where highest diffraction efficiencies are required.

The width-depth-map suggests a number of possible choices for the width and depth, that result

in a highly efficient TIR grating. To devise a TIR grating that is easily fabricated in practice,

one may chose an intermediate width and a small depth, corresponding to a small aspect ratio.

The white circle in the upper panel of Fig. 2(a) represents one possible choice, with w = 0.35T
and d = 1.1T . To find the spectral characteristics of the corresponding grating, one varies the

wavelength of the incident light, and evaluates the resulting diffraction efficiency. The latter

may be done in two ways. (1) The incident angle is held fixed, while the wavelength is varied –

this case is encountered, e.g., with gratings that are used for dispersion control in femtosecond

laser applications, or with spectrometers that are equipped with a line CCD and operate without

movable parts. (2) As the wavelength is varied, the incident angle is adapted, such that the grat-

ing continues to satisfy the Littrow condition for every wavelength – this case is encountered,
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(a) (b) (c) (d)

Fig. 2. Diffraction efficiency of dielectric TIR gratings as a function of the groove width

and depth. (a) silica TIR grating. (b) TIR grating based on a high index material (n=2.4).

(c) TIR grating based on a high index material featuring slanted lamella (α = 40◦). (d)

silica TIR grating featuring slanted lamella (α = 30◦). The upper panels show the diffrac-

tion efficiency at the design wavelength λ0 = 1064nm. The middle panels show the mean

diffraction efficiency, averaged over the usable octave λc/2 < λ < λc (see text). The lower

panel shows the −1dB spectral bandwidth. The open white symbols mark optimal choices

of the parameters w and d for each type of grating, and represent those values, for which

the spectral characteristics is plotted in Fig. 3. All results shown correspond to s-polarized

light. (c) and (d) are linked to suplemental movies Media 1 and Media 2.
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Fig. 3. Spectral characteristics of dielectric TIR gratings (s-polarized light), as compared to

a best blazed gold grating with blaze angle 33◦ (p-polarized light). The blue line shows the

result for a silica TIR grating with groove width 0.35T and depth 1.1T , corresponding to

maximum peak efficiency and spectral bandwidth (white circle in Fig. 2(a)). The green line

shows the spectral characteristics of a dielectric TIR grating featuring a high index material

(n = 2.4) in the grating region (w = 0.6T , d = 0.21T , as marked by the white square in

Fig. 2(b)). The black line shows the spectral characteristics of a dielectric TIR grating

with a high index material and slanted lamella (α = 40◦), groove width 0.7T , depth 0.5T ,

corresponding to an optimal choice for large mean diffraction efficiency and simultaneously

a comparably smooth spectrum, (white diamond in Fig. 2(c)). The cyan line shows the

result for a silica TIR grating with slanted lamella (α = 30◦), groove width 0.3T , depth

1.6T , optimized for high short wavelengths efficiency.

e.g., in a classical scanning monochromator. Here, –giving right to the potential application of

the gratings for pulse compression– we consider the prior case with a fixed incident angle. The

Usable spectral range of an optical grating follows from the overlap of diffraction orders. The

longest wavelength –red most light– diffracted by the grating is λc = nRT (1 + sinϑ R
0 ). Blue

light whose second order overlaps with the first order on the red edge shall be excluded from

the incident light, requiring that light is restricted to an octave λc/2 < λ < λc.

The blue line in Fig. 3 shows the spectral characteristics of the dielectric TIR grating,

with width 0.35T and depth 1.1T , in comparison to a best blazed gold grating with period

T = 614nm, that has the same dispersion and incident angle as the TIR grating. The blaze

angle of the gold grating was optimized to yield the largest possible bandwidth and peak ef-

ficiency in the given wavelength range, found as 33◦. The gold grating is considered with p-

polarized light, where it provides its largest efficiency. The material properties of gold were

described using the refractive index data according to [19]. For a detailed discussion of the

spectral characteristics of blazed metallic gratings see e.g. [20, 21]. The dielectric TIR grat-
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ing shows excellent properties in a 50-100nm band around its design wavelength. In particular,

it reaches 100% diffraction efficiency at its design wavelength, and provides scattering losses

smaller than -1dB (95% diffraction efficiency) over a bandwidth of 84nm. Here, it provides

unsurpassed diffraction efficiency. Indeed, these high diffraction efficiencies cannot be reached

with metallic gratings, whose inherent absorption inevitably results in losses [20]. However, as

the wavelength is altered substantially from the design wavelength, the diffraction efficiency

quickly drops to zero. In particular, as the angle of the −1st diffraction order reaches the an-

gle of total internal reflection between glass and air, the diffraction intensity drops to a sharp

minimum, and for shorter wavelengths – corresponding to angles smaller than the angle of to-

tal internal reflection – the diffraction intensity does not recover its initially large value. These

diffraction angles correspond to the case, when the −1st diffraction order on the transmission

side is no longer evanescent. However, a large diffraction intensity of the reflected −1st order is

not strictly forbidden at these scattering angles, as can be seen by the small but nonzero inten-

sity value. This low diffraction efficiency over the largest part of the spectrum renders the TIR

grating unusable for a large number of applications, including broadband pulse compression

and most spectroscopic applications.

It is desirable, to resolve this issue, and to increase the spectral bandwidth of the TIR grating

towards values that are comparable with metallic reflection gratings and dielectric transmission

gratings, while maintaining the extraordinarily large peak diffraction efficiency, and the high

resistance to laser induced damage. This is the first objective of this paper.

4. Large bandwidth dielectric TIR grating

The described phenomenon of a suppressed diffraction intensity at smaller angles, is remark-

ably robust. A first approach to increase the spectral bandwidth would be, to explore the land-

scape of possible combinations of the width and the depth, and to evaluate how this effects the

spectral characteristics. However, the spectral bandwidth is only decreased. The lower panel

of Fig. 2(a) shows the −1dB spectral bandwidth as a function of the grove width and depth.

It is seen, that the previous choice (with w = 0.35T and d = 1.1T ) corresponds already to the

largest possible bandwidth, and for larger depths, the reflectivity and the bandwidth decrease

in an oscillatory fashion. This behavior is understood qualitatively by referring to the theory

of Kogelnik, who gave an estimate for the bandwidth ∆λ (full width at half maximum) of

dielectric transmission gratings in the limit of deep grooves as [22]

∆λ
λ

=
T
d

cotϑ0. (6)

It is seen, that indeed, the bandwidth is largest at small d. It is important to stress that Kogel-

niks’s theory –which is moreover derived explicitly only for the case of a transmission grating–

is not strictly valid in our case, where the grooves are comparably shallow. Indeed, Kogel-

nik’s theory cannot provide an exhaustive description of the spectral characteristics in the case

of shallow grooves, underlining the need for a detailed numerical treatment. Nevertheless, as

we shall see below, Kogelnik’s estimation proves useful to devise large bandwidth dielectric

gratings.

As an increase of the groove depth reduces the spectral bandwidth of the grating, we are

guided to try the opposite, i.e. to decrease the groove depth. To do so, the difference of the

propagation constants of the two modes in the grating region has to be enlarged, that is, the

refractive index contrast has to be increased. Thus, in the grating region, we replace the glass

by a material that has a large refractive index. Suitable high index optical materials that are

routinely available in the form of high quality thin films are e.g. Sapphire, Diamond, Zirconia,

TiO2, and P2O5 in the visible to NIR. It is expected that other suitable high index materials
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are available in the FIR and UV. In the following we assume a refractive index of 2.4, repre-

senting the latter three materials. In a practical design, material dispersion can be taken into

account. All calculations presented in the following were performed as well for the particular

case of TiO2 taking into account material dispersion. It was found that material dispersion is

small, as expected considering the smallness of the refractive index variation as compared to

the difference between the refractive index of fused silica and TiO2.

The upper panel of Fig. 2(b) shows the diffraction efficiency as a function of groove width

and depth for the high index TIR grating. It is seen, that indeed, the first fringe is shifted

towards shallower grooves. The smallest possible depth is achieved at around w = 0.6T and

d = 0.21T (white square in Fig. 2(b)). And indeed, here, the spectral bandwidth reaches its

maximum (lower panel of Fig. 2(b)). The green line in Fig. 3 shows the corresponding spectral

characteristics. The diffraction efficiency is increased over the entire spectrum as compared to

the TIR grating based on fused silica. In particular, the −1dB bandwidth around the design

wavelength is increased to 180nm, and is more than doubled as compared to the fused silica

equivalent. Additionally, towards smaller wavelengths, in the range where the diffraction angle

is larger than the angle of total internal reflection between glass and air, the diffraction efficiency

is greater than 40%. This is a useful value for many spectroscopic applications. In addition, the

moderate aspect ratio of the grating grooves (≈ 0.5), suggests that such a grating could be

fabricted rather easily. Furthermore, the different nature of the grating and substrate material

will probably help to fabricate structures with a very well defined depth, determined only by the

thickness of the layer that is deposited prior to the etching process. The thickness of deposited

layers can typically be controlled very accurately. Nevertheless, the natural question arises,

whether this grating design can be further improved.

We have so far considered only the most simple of all grating profiles – rectangular grooves.

It is well known that the diffraction efficiency of a gold grating – in particular its spectral char-

acteristics – can be greatly improved by choosing an appropriate blaze angle [20]. The blaze

angle is chosen such that the incident beam and the diffracted beam are nearly perpendicular to

the long face of the grating tooth (over the range of incident angles determined by the desired

spectral range). Could the spectral characteristics of the TIR grating be further improved by

using an equivalent geometry? As we will show below, the answer is yes, however, it is not

sufficient to introduce a blaze, which becomes clear by considering the depth of the grooves

necessary to accumulate the required phase shift in the grating region. As the geometry is more

complex, the propagation constants of the waves vary in z-direction over the grating region,

nevertheless, the mechanism for achieving maximum diffraction efficiency through the con-

structive interference of the fundamental and the first mode, is still qualitatively the same. And

indeed, near 100% diffraction efficiency can be achieved with a large variety of groove geome-

tries, such as symmetric triangles, asymmetric triangles, bow-ties, etc., by choosing a suitable

width and depth, as we have verified by independent calculations. However, as is the case with

rectangular grooves, generally a relatively large total depth is required, since the difference of

the effective index of the propagation constants is never very large. E.g, in the case of symmet-

ric triangles, a height of several T is required to achieve near 100% diffraction efficiency. In

contrast, the blazed geometry is characterized by a small aspect ratio. In particular, the aspect

ratio is smaller than T/2 (the blazed geometry is characterized by a triangle that features a right

angle in its tip, related to the original ruling process that uses an inclined rectangular cutter).

Because of this small aspect ratio, the blazed geometry cannot provide a high diffraction ef-

ficiency, for the type of dielectric gratings discussed here. However, a geometry that provides

inclined faces, without sacrificing the possibility of a large groove depth, is the slanted geom-

etry, characterized by rectangular lamella that are sheared along the periodic direction with a

slant angle α . The slant angle is defined as the angle by which the groove wall is rotated as

#100257 - $15.00 USD Received 4 Sep 2008; revised 2 Dec 2008; accepted 11 Dec 2008; published 3 Mar 2009

(C) 2009 OSA 16 March 2009 / Vol. 17,  No. 6 / OPTICS EXPRESS  4276



compared to the normal direction. Clockwise rotation corresponds to positive angles. Indeed,

the slanted geometry has much in common with the geometry of volume phase holographic

gratings, where, in the general case, the crests of the holographically imprinted refractive index

modulation are allowed to be slanted with respect to the grating normal (e.g. [7]). While in the

case of a holographically imprinted grating the refractive index contrast is comparably small

(and thus the spectral bandwidth is small), a high index TIR grating with slanted lamella could

be fabricated by standard anisotropic etching techniques, such as reactive ion etching under an

angle.

To evaluate the diffraction characteristics of a slanted TIR grating, we compute the diffraction

efficiency as a function of groove width, depth and wavelength for all slant angles −90◦ < α <
90◦, and for each slant angle, we evaluate the spectral bandwidth. The optimum slant angle is

found as α = 40◦. Figure 2(c) shows the plot (a movie sequence showing the plots for all α ,

is provided in Media 3). The −1dB bandwidth exceeds 300nm in a region around w = 0.8T ,

d = 0.7T . The black line in Fig. 3 shows the corresponding spectral characteristics. This grating

has a diffraction efficiency larger than 90% over nearly the full octave, and outperforms the best

blazed gold grating over the largest part of the spectrum. In particular, two broad peaks of high

diffraction efficiency appear, at around 30◦, and at the design angle, 60◦. These broad peaks

overlap, and provide very high diffraction efficiency over the hole spectrum. Around each of

the peaks, the spectrum is smooth. A shallow kink remains at the wavelength that corresponds to

a diffraction angle equal to the angle of total internal reflection. This kink is at the origin of the

jump that is observed in the width-depth map of the bandwidth, at the boundary of the region of

large bandwidth. As the kink reaches above the −1dB limit, the bandwidth jumps from a value

characterized by the width of the right peak, to a value characterized by the width of both peaks

together. It should be noted, that a combination of width and depth can be chosen, such that the

kink between the two peaks at the angle of total internal reflection, disappears, and the spectrum

becomes completely smooth over the full spectral range. However, in this case the spectral

bandwidth is slightly smaller. Similarly, a width and depth can be chosen such that the right

peak maintains 100% diffraction efficiency at the design wavelength, while the left peak is still

higher than 80%. However, in this case, the kink becomes more pronounced. The result plotted

here, represents a compromise between largest possible bandwidth and smoothness of the kink.

Independent of that, it may also be interesting to operate this grating only with scattering angles

smaller than the angle of total internal reflection, that is, the incident light enters the grating

under a large angle, and the scattered light returns under angles smaller than the angle of total

internal reflection. Thereby, only the left part of the spectrum was used. The design could then

be optimized to yield highest efficiency specifically across the left peak.

The great improvement of the spectral characteristics provided by slanted lamella raises the

question whether slanted lamella would also improve a single component TIR grating fabri-

cated entirely from glass. As we will show now, the answer is yes, and it turns out that this is

only achieved by optimizing the design in the way just described above, that is, by utiltizing the

left peak of the spectrum, while the right peak, at the design wavelength, remains small. This

is indeed peculiar, because it means, that the grating does not feature high efficiency when the

wavelength satisfies the Littrow condition, but at another wavelength, which also means, that

one overlooks a highly efficient design, if one optimizes the grating parameters in the usual way

at the design wavelength (because there the intensity is small). This is indeed remarkable. Re-

call the intuitive arguments that we put forward to explain why the Littrow configuration leads

to a high efficiency. We considered the opposite case, when the incident wave is perpendicular

to the surface, and the +1st and the −1st diffraction order are aligned symmetrically around the

surface normal. We argued, that, in this case, due to symmetry, the intensity of the orders must

be equal, such that at maximum 50% diffraction efficiency can be achieved, and in contrast,
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if the grating is arranged in Littrow configuration, (near) 100% diffraction efficiency can be

achieved. However, with the slanted geometry, the mirror symmetry of the grating around the

surface normal is broken, and these arguments are no longer rigorously valid. It turns out that,

for the slanted TIR grating in silica, this is indeed strongly violated, and the Littrow configu-

ration is no longer the universal optimum scattering geometry, rather, the optimum is achieved

when the white light enters under a large angle, and the arc of diffracted beams leaves under

small angles. To the best of our knowledge, an efficient grating with this type of scattering

geometry has not been reported before.

Figure 2(d) shows the diffraction efficiency as a function of groove width and depth for

the slanted silica TIR grating. As with the slanted high index TIR grating, we have evaluated

the dependence of the diffraction characteristics on the slant angle (see supplemental movie

Media 2), and present here the optimum, found with α = 30◦. The largest bandwidth is found

with width w = 0.3T and depth d = 1.6T . The corresponding spectral characteristics are shown

with a cyan line in Fig. 3. The grating has excellent spectral characteristics for wavelength

corresponding to diffraction angles below the angle of total internal reflection. For larger angles,

the intensity falls off quickly, and at the design wavelength, it has already dropped below the

−1dB limit. This remarkable scattering geometry provides an unsurpassed diffraction efficiency

over an almost 500nm band towards the short wavelength side of the spectrum. To the best of

our knowledge, this represents again, the largest bandwidth highest efficiency reflection type

optical grating devised so far.

5. Large bandwidth immersed grating

The described dramatic improvement of the spectral bandwidth of a dielectric TIR grating

through a high index material, is more general. In particular, the introduction of a high index

material improves dramatically also the performance of immersed dielectric gratings [24] at

large incident angles. This is important, since, by virtue of Eq.5, large angles correspond to

large dispersion. In addition, the immersed dielectric grating has been suggested previously,

for providing a device that is easily cleaned, and usable in a rough (dirty) environment. Fig-

ure 1(b) shows the schematic of an immersed dielectric grating. The system is identical to the

TIR grating, except that the air on the transmission side is replaced by a glass body. Besides

the practical advantages related to cleaning, immersed dielectric gratings have another partic-

ular advantage over ordinary transmission gratings. In contrast to the latter, they can provide

theoretically 100% diffraction efficiency. The latter is the topic of a recent paper [18], where

the authors show, that 100% diffraction efficiency is linked to equal effective reflectivity of

the top and bottom boundary of the grating region. If the incident and transmission halfspaces

have a different refractive index – as is the case for an ordinary transmission grating, where the

transmission region is air – the reflectivities of the top and bottom grating boundary are dif-

ferent, such that, even if an optimal interference condition is met for the two modes that travel

in the grating region, a finite intensity remains, that results in an inevitable reflection loss into

the ordinary reflected order. Thus, the diffraction efficiency is at best one minus an effective

reflectivity of the optical grating. The latter can be substantial, especially when highest effi-

ciencies are required, as is the case in many laser applications, and especially with large angles,

where the grating provides its largest dispersion. In contrast, the immersed dielectric grating

does not suffer this deficiency, and it can theoretically provide 100% diffraction efficiency –

analog to the TIR grating. In practice such a grating can be fabricated by bonding a dielectric

transmission grating to a second flat glass body [18].

However, as was the case with the TIR grating, the spectral bandwidth is limited, and, more

importantly, if operated with large incident angles – corresponding to large dispersion –, the

immersed grating starts to loose its extraordinarily good characteristics.
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(a) (b)

Fig. 4. (a) diffraction efficiency for an immersed dielectric grating, illuminated under a

large incident angle (ϑ0 = 60◦). The upper panels show the reflected orders, the lower

panels show the transmitted orders. The left and right panels show the −1st and 0th order,

respectively. (b) same as in (a), for a grating featuring a high index material (n = 2.4) in

the grating region.

The four left panels of Fig. 4 show the diffraction efficiency (s-polarization) as a function of

groove width and depth, for a classical immersed dielectric grating illuminated under a large

incident angle (throughout this section, we consider the same incident angle, ϑ0 = 60◦, and

period, T = 423.66nm, as before, linked to the −1st order Littrow condition, and providing

the same dispersion). Four regimes appear. (1) At small groove depth, the ordinary transmitted

intensity is large – the grating is negligible. (2) At large groove depth and large groove width,

the ordinary reflected intensity is large – the grating region is increasingly similar to a large air

gap, and total internal reflection occurs at the top grating surface. (3) Towards smaller groove

widths, a region exists, where nearly all of the scattered intensity is scattered into the transmitted

−1st order – the grating resembles an efficient transmission grating. (4) Towards larger groove

widths, a region exists, where a large part of the scattered intensity is scattered into the reflected

−1st order – the grating resembles a TIR grating. Thus, when illuminated with a large incident

angle, depending on the groove width and depth, the immersed dielectric grating can be either

more akin to a TIR grating or more akin to a transmission grating or somewhere in between.

As a consequence of that, the regions of optimal choice of width and depth shrink to narrow

domains, and generally, a high diffraction efficiency is achieved only at rather large depths,

corresponding to aspect ratios that are not easily realized in practice. Qualitatively, the four

regimes described above are a consequence of the effective refractive index experienced by the

fundamental mode in the grating region, and the resulting reflectivities at the top and bottom

boundary. The effective refractive index of the fundamental mode is determined by the mean

refractive index. For large groove width, the mean refractive index is near to unity. Thus, as

the incident angle is large, the fundamental mode in the grating region becomes evanescent.

In this case, a notable amount of light can traverse the grating region only if the thickness of

the grating is of the same order as the penetration depth of the evanescent wave. This small

thickness conflicts with the interference condition for the two modes in the grating region, that
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Fig. 5. Spectral characteristics for an immersed dielectric grating featuring a high index

material in the grating region (blue lines), as compared to its fused silica equivalent (red

line). The solid blue line represents a design that is optimized for highest peak efficiency,

corresponding to w = 0.43T and d = 1.3T , as shown by the white square in Fig. 4(b)).

The dashed blue line represents a design that is optimized for maximum bandwidth, corre-

sponding to w = 0.6T and d = 0.7T , as shown by the white diamond in Fig. 4(b).

requires a sufficiently large thickness to accumulate the necessary phase difference between

the fundamental and the first mode. Thus, for those groove widths, for which the fundamental

grating mode is evanescent, a high diffraction efficiency cannot be achieved. For large incident

angles most of the reasonable choices for the width and depth fall into this regime. This makes

the design of a high dispersion immersed grating a hard task.

It is remarkable, that also here, the introduction of a high index material provides a solution,

though, through a rather different mechanism then observed previously with the TIR grating.

While, in case of the TIR grating, the high index material paved the way to a grating with shal-

low grooves, by providing a high refractive index contrast, here the high index material serves

to increase the mean refractive index in the grating region – potentially above the refractive

index of glass – to render the grating truly transparent for any incident angle (for most of the

possible groove widths).

The four right panels of Fig. 4 shows the diffraction efficiency of an immersed transmission

grating using a high index material in the grating region (as before, we assume the refractive

index of the high index material is n = 2.4). A region is opened up in the range w < 0.6T ,

where the grating becomes transparent. Near 100% diffraction efficiency is achieved with a

number of possible choices of the width and depth. Figure 5 shows the spectral characteristics

for two possible choices of the groove width and depth, as compared to the equivalent immersed

grating fabricated entirely from glass. The solid blue line corresponds to w = 0.43T and d =
1.3T , as shown by the white square in Fig. 4(b), and represents a design that is optimized

for highest peak efficiency in a narrow band around the design wavelength. The dashed blue

line corresponds to w = 0.6T and d = 0.7T , as shown by the white diamond in Fig. 4(b),

and represents a design that is optimized for maximum bandwidth (around 80% diffraction

efficiency over nearly the full octave). To the best of our knowledge, the latter represents the

largest bandwidth transmission grating (with the large dispersion considered here), devised so

far.
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(a) (b)

Fig. 6. (a) diffraction efficiency of a classical dielectric transmission grating. (b) diffraction

efficiency of a double-layer grating featuring a bured high index layer, with thickness ratio

r = 0.5. The circle and diamond mark those values of the groove width and depth, for

which the spectral characteristics are evaluated in Fig. 7. (b) is linked to supplemental

movie Media 3.

6. Large bandwidth and 100% peak efficiency transmission grating in the classical scat-

tering geometry

The successful improvement of the spectral and dispersive characteristics of a dielectric TIR,

as well as dielectric immersed gratings, described in the preceding sections, intrigues the ques-

tion, whether a high index material can also contribute to improve transmission gratings of the

classical design.

Figure 1(c) shows the schematics of a classical transmission grating. As in the case of a

dielectric TIR grating, light is diffracted at the back side of a glass body. However, here the

incident angle is smaller than the angle of total internal reflection, such that the light is mainly

scattered into transmitted diffraction orders. This grating geometry has a number of great ad-

vantages. (1) Due to refraction, the transmitted orders leave the grating under a large angle,

which, in virtue of Eq.5 corresponds to large dispersion. Because of this, dielectric transmission

gratings are typically superior over classical reflection gratings in the large dispersion regime

(2) This is achieved without the need of a particularly small period, since, in virtue of Eq.4,

the period is determined by the incident angle, and the latter is – again, due to the refraction

– comparably small. This facilitates fabrication in practice (though, the period is not smaller

than that of a gold grating with equal dispersion – it is the same). (3) The diffracted wave lives

in air, saving the necessity to couple out the arc of diffracted rays through a flat or suitably

curved glass-air interface (in certain applications, such as e.g. grism applications, the coupling

out through a glass-air interface as faced in case of the TIR grating, may however also be used

to a benefit, e.g., its dispersive nature may be specifically used to compensate for higher order

dispersion [25]).

Because of these great advantages, the backside diffraction geometry is to date the primary

choice for most dielectric grating applications.

Figure 6(a) shows the diffraction efficiency as a function of groove width and depth, for a

classical dielectric transmission grating. The grating period T = 614.30nm, and the incident

angle ϑ0 = 36.67◦ are chosen such that the diffraction angle of the transmitted −1st order is
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Fig. 7. Spectral characteristics of a dielectric transmission grating featuring a buried high

index layer (blue line), as compared to a classical transmission grating (red line). The

groove width an depth are w = 0.68T , d = 1.1T , respectively w = 0.57T , d = 2.07T , as

marked by the diamond and circle in Fig. 6.

60◦, such that both the diffraction angle and the angular dispersion are the same as before. The

maximum diffraction efficiency is found with w = 0.57T and d = 2.07T , on the center of the

first fringe, as 93.5% (white circle). The red line in Fig. 7 shows the corresponding spectral

characteristics. The effective reflectivity of the top and bottom surface of the grating region are

not equal, such that a reflection loss into the ordinary reflected order is encountered, and the

diffraction efficiency remains smaller than 100%.

The qualitative understanding of the reflection loss suggests that a low loss into the funda-

mental reflected order could be achievable, if the effective refractive index in the grating region

for the fundamental mode was close to
√

nR, and the thickness of the grating region was close

to an integer multiple of λ /(4nR), as is the principle of single layer anti-reflection coatings. In

contrast, a large reflection loss into the fundamental order was expected, if the effective refrac-

tive index of the fundamental mode in the grating region was high. A substitution of the glass

in the grating region by a high index material is therefore not promising. However it turns out

that a simple double-layer grating is already enough. To ensure a low reflectivity at the bot-

tom grating boundary, the high index grating layer is buried underneath a glass layer, as shown

in Fig. 6(b). To find the optimum thickness of both grating layers, we evaluated the diffrac-

tion efficiency as a function of width, depth and ratio r = dh/dg of the thickness dh and dg of

the high index layer, respectively the glass layer (supplemental movie Media 3). Figure 6(b)

shows the optimum choice corresponding to r = 0.5. The optimum width and depth is found

as w = 0.68T and d = 1.1T . Remarkably, the grating reaches effectively 100% diffraction ef-

ficiency. Thus, the TIR grating featuring a buried high index layer is indeed a complementary

approach to a transmission grating featuring 100% diffraction efficiency, and an alternative to

the immersed dielectric grating devised in [18]. Additionally, the spectral characteristics are

greatly improved. The blue line in Fig. 7 shows the spectral characteristics. The grating sur-

passes a classical transmission grating over the entire spectrum. To the best of our knowledge,

this represents the largest bandwidth, high efficiency transmission grating devised to date.
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7. Summary and conclusions

We have analyzed the diffraction characteristics of dielectric gratings that feature a high in-

dex grating layer, and shown parameter choices that are superior in terms of bandwidth and

efficieny. A qualitative understanding is supplied in combination with rigorous calculations.

The common grating types were considered, including reflection gratings, immersed transmis-

sion gratings and classical transmission gratings. Several profile types were explored, including

novel structures that comprise a combination of enhanced material and enhanced geometry. The

suggested devices are within current manufacturing capabilities. The gratings are compared to

existing technology and applications are pointed out. We expect these types of gratings to be-

come a useful addition to the existing range of grating geometries.
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