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Numerical analysis of efficiency is made for holographic difIraction gratings with deep and very deep grooves (modulation
depth up 10 100%). The spectral interval with very high efficiency values could be shifted toward longer wavelengths away from
the cut-off and plasmon anomalies, provided the grooves are very deep. In this case the efficiency becomes less polarizationally

dependent.

1. Introduction

It is already well-known that the diffraction effi-
ciency of a reflection grating supporting only two dif-
fraction orders is a quasiperiodical function of its
groove depth [1-4], strongly depending on the po-
larization of light. In particular, for TM polarized
incident light (electric field vector perpendicular to
the grooves) the — Ist order efficiency #™% has a
maximum at about 40% modulation depth (groove
depth /1 to period d ratio), decreases for deeper grat-
ings and reaches a second maximum at about 100%
modulation.

Up to know all the detailed numerical and exper-
imental investigations of holographic diffraction
gratings efficiency are carried out for moderately deep
grooves (modulation up to 50%}), probably due to
the commercial availability of such gratings and their
high efficiency in TM polarized light. Unfortunately,
the maximum efficiency in the other polarization
(TE, or p, or s) for the same modulation values lies
in the spectral region around 1/d~2/3 (A/d is the
wavelength A to period d ratio) where sharp anom-
alies appear due to higher order cut-off and surface
wave excitation (see, for example, refs. [3] and [5].
Up to now the only commercially available gratings
with high diffraction efficiency in non-polarized light
(i.e., having simultaneously maximum efficiency for
both fundamental cases of polarization) are the

echelles-blazed gratings with large periods (several
tens or hundreds wavelengths ), working at high an-
gles of incidence in order to increase their spectral
sefectivity [6,7]. Unfortunately, echelles require
special filters 10 separate the adjacent orders which
“eat” a significant part of the incident energy [8,9].
Holographic gratings have two undoubtful advan-
tages: lack of ghosts and lower stray-light level [10],
although it is not quite clear which type of gratings
is preferable. For example, whereas Kielkopf [12]
finds out that the usage of holographic gratings in-
creases spectrometer efficiency in comparison with
echetles, Tull {8] concludes just the opposite.

On the other hand, recent technologies allow man-
ufacturing of holographic gratings with much deeper
grooves, h/d exceeding | {6]. Although such grat-
ings are not available commercially, yet, we hope that
this restriction is just a matter of time to be solved
after overcoming some production problems - de-
position of smooth aluminum layer on the steep
groove slopes and difficulties in separation of the re-
plicas from the master in the replication process. The
existence of these difficulties makes it especially im-
portant to investigate in detail the properties of very
deep holographic gratings in order to know their ad-
vantages {or disadvantages) in comparison with
commercially available gratings.

The aim of this paper is to present a detailed nu-
merical study of sinusoidal aluminum gratings in the
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spectral interval where only two diffraction orders
propagate. In particular, we are interested in the ef-
ficiency in non-pofarized light in a large interval of
groove depth values, If large modulation depth causes
noticeabie quality improvement, our results should
stimulate the interest of fabrication of such gratings
and their utilization in high resolution spectroscopy.

2. Groove depth dependence of holographic grating
efficiency

As already mentioned, grating efficiency exhibits
a quasi-periodical behaviour as a function of groove
depth h, a fact that becomes absolutely obvious when
the grating supports only two diffraction orders. As
is shown recently [4] this behaviour is determined
by the formation of curls in the energy flow distri-
bution inside the grooves of deep and very deep grat-
ings. Due to the different boundary conditions, the
efficiéncy variation due to the groove depth changes
differs significantly for the two fundamental polar-
izations (fig. 1). The TM efficiency, nI¥, changes
more rapidly than that of TE, 47§, and in the mod-
ulation interval from 0 1o 120% nI} exhibits two
maxima, whereas nI5 only monotonically increases.
The efficiency in non-polarized light, #7F, the av-
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Fig. 1. Absclute efficiency in the — 1st order of an aluminum si-
nusoidal diffraction grating as a function of groove depth in po-
larized and non-polarized light, Period d=0.3 pm, wavelength
A=0.6328 um, Littrow mount. Dotted line - TE polarization,
dashed line - TM polarization, solid line - non-polarized light.
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eraged of the two efficiencies, has a maximum at a
modulation h/d=40% and a second one at Afd=
100%. For further reference these two cases are dis-
tinguished as class I and I, respectively. In this ex-
ample, we have chosen a grating with a period d==0.5
pm, Of course, any other choice could be well mo-
tivated, but it would lead only to a corresponding
shift in the spectral interval, as discussed in the next
section.

The ratio between the values of n™¥ in cases T and
II depends obviously on wavelength, therefore it is
impossible to have a general conclusion which case
is preferable, For that sake a detailed investigation
in a large spectral interval is necessary and it is pre-
sented in the next section.

3. Spectral behaviour of ~1st order efficiency

Typical spectral curves of efficiency in non-polar-
ized light ™% for two representatives of classes [ and
11 are drawn in {ig. 2 with continuous lines, We are
interested in their comparison at a tevel of 2} » 60%
{high efficiency), but also at #N§ 2 70% (peak cili-
ciency). For that sake we introduce the notion “in-
terval of best performance™ (IBP) - the spectral in-
terval where the grating exhibits high efficiency,
y=% = 60%, in non-polarized light.

The first conclusion to be drawn from fig. 2 is that
the maximum efficiency cannot be improved signif-
icantly by simply increasing the modulation. In both
cases I and II it remains slightly above 75%. Sec-
ondly, the IBP has almost the same length for the two
gratings, but is shifted towards longer wavelengths in
case 1I: the IBP extends from 330 to 620 nm (cen-
tered at A=2475 am) for grating I, and from 520 to
740 nm in case 11 (centered at =630 nm). The main
difference between gratings 1 and 11, however, could
be found when returning again to the efficiency in
polarized light. In case I two sharp TM anomalies
exist inside the IBP: a strong one (A) just on the
boundary of IBP and a weak one (B) inside the in-
terval. In case IT there is a strong TE anomaly (C)
remote from the IBP and a weak TM anomaly (D)
at its boundary. The existence of such anomalies
and, in particular, the difference between the effi-
ciencies in polarized and non-polarized light, An=
1778 —gNP | = |y TN =N |, could be undesirable for
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Fig. 2. Spectral behaviour of the — Ist order absolute efficiency
in a Littrow mount. Period d=0.§ um. {a) h/d=36%, (b)
h/d=104%. Dotted curve ~ TE polarization, dashed curve - TM
polarization, and solid curve - non-polarized light. Different
anomalies are marked from A to D. Horizontal dotied lines mark
the 50% and 70% efficiency levels in non-polarized light.

practical spectroscopic reasons. In particufar, for
grating II Ay does not exceed 10% inside the entire
IBP, whereas for grating I Ay increases up to 25% not
only at the boundaries of the IBP, but also inside it,
mainly due to the stronger anomalies. Therefore, the
behaviour of grating 11 is much less polarizationally
dependent than grating 1.

The general conclusions about the performance of
the two gratings, drawn at a particular groove depth
or wavelength value are confirmed when a complete
humerical investigation is carried out in the entire
wavelength and groove depth interval, Varying A and
h, the regions of high (>60%) and very high
(>70%) efficiency in non-polarized light are deter-
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mined and plotted in fig. 3. The location of anom-
alies A-D in TE or TM polarized light is also shown.
Whereas the width of IBP does not change signifi-
cantly from case I 1o case 11, there are two obvious
differences: {i) for exiremely deep gratings (I1) the
IBP is shifted toward longer wavelengths, (ii) dif-
fraction efficiency anomalies lie inside the [BP for
gratings of class 1 and outside it for case II.

Of course, the IBP could be changed simply by
varying the period. An example of the properties of
a grating with period d=0.62 pm is presented in the
same fig. 3 (curve 9) to iltustrate this possibility.
Unfortunately, this change does not eliminate the TM
anomaly inside the IBP (curve 10).

Another important guestion when gratings are uti-
lized in spectroscopic devices is the influence of the
angular departure from Littrow mount, as far as
gratings only rarely work in autocollimation regime,
Figure 4 presents angular dependencies of efficien-
cies of gratings | and I1 at different wavelength val-
ues. Evidently, gratings I and II have almost iden-
tical stability of their high Littrow mount efficiencies
with respect to variation of angle of incidence.
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Fig. 3. Regions of best performance (non-polarized light) in the
groovedepth-wavelength plane. Curves 1, 3,9 are 60% efficiency
contours, 2 and 4 are 70% efficiency contours (1, 3, 2 and 4 for
period d=0.5 pm, 9 for d=0.62 m}. Lines 5, 6,7, 8, 10'represent
the focation of different anomalies (5,6, 7, 8, anomalies A, B, D
and C, respectively for d=0.5 pm, 10 T™M anomaly for d=0.62
pm}.
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Fig. 4, Angular behaviour of the - Ist order efficiency in non-
polarized fight. Period d=0.5 pm. Wavelength values: |, 0.5 ym,
2, 0.7 pm; and 3, 0.9 pm. Exact Littrow angles are marked by
arrows. (a) h/d=16%, (b) A/d=104%. .
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4, Conclusion

The following general conclusion could be made
on the basis of the numerical results of the previous
section: extremely deep sinusoidal diffraction grat-
ings (modulation about 100) do not manifest a sig-
nificant increase of efficiency nor a wider spectral
interval with high diffraction efficiency in compar-
ison with moderately deep gratings (modulation
about 40), However, the spectral interval of best
performance of the extremely deep gratings is free of
anomalies and their properties are much less polar-
jzationaily dependent.
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