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Overview of High-Efficiency
Transmission Gratings for
Molecular Spectroscopy

This article provides a basic overview of the capabilities of transmission gratings optimized for
molecular spectroscopy. These gratings offer near 100%, polarization-insensitive efficiency over

a broad wavelength range and are ideal for applications such as Raman spectroscopy where the
available light intensity from the sample is very low. The design, manufacturing, and performance
of the two most commonly used types of transmission gratings — the surface relief transmission
grating (SRTG) and the volume phase hologram (VPH) — are described and examples of the two

grating types are discussed.

Thomas Rasmussen

ost diode array-based diffractive spectrometers for

the ultraviolet (UV), visible (vis), and near-infrared

(NIR) spectral ranges use reflection-type diffrac-
tion gratings and are generally optimized for high resolution
rather than high optical throughput. During the past 5-10
years, transmission-type gratings have been developed that
provide near 100% efficiency for any polarization. These grat-
ings have found widespread use for Raman spectroscopy and
astronomy, where very little light is available, but elsewhere the
awareness of the distinct benefits provided by transmission
gratings seems quite limited. The purpose of this article is to
provide a basic overview of the capabilities of transmission
gratings optimized for molecular spectroscopy. Specifically, we
will describe the two most commonly used types of gratings:
the surface relief transmission grating (SRTG) and the volume
phase hologram (VPH).

Transmission Grating Basics

This section describes the three key performance parameters
of a transmission diffraction grating: the angular dispersion,
the diffraction efficiency, and the bandwidth of the grating.

Angular Dispersion: The Grating Equation

A transmission (or phase) grating consists of a region with a
periodic modulation of the refractive index as shown in Figure
1. The period of the index modulation is on the same order of
magnitude as the wavelength, and the form of the modula-

tion can be sinusoidal, rectangular, triangular, or even more
complex. From the plane wave ray tracing drawn on Figure
1 it can be seen that the plane waves add up in phase for exit
angles 3 that fulfill the following criteria:

A (sin() + sin(B)) = mA [1]

Equation 1 is the general grating equation that is valid for
any grating structure. The term m is the order of diffrac-
tion, and in the remainder of this article we will consider
first-order diffraction (m = 1) only.

For a certain spectrometer design, the center wavelength
as well as the period A (or groove density G = 1/A) for the
grating are often given parameters that cannot be freely
chosen. Furthermore, a spectrometer is used in a range of
wavelengths around the center wavelength and equation 1
determines the angular dispersion of this wavelength range.

Diffraction Efficiency

Although the grating equation determines the angular
direction (B) of the diffracted light as a function of wave-
length (N), it does not say anything about the diffraction
efficiency. The calculation of the diffraction efficiency
for a transmission grating geometry generally requires
complicated numerical methods such as rigorous coupled
wave theory (1) for solving Maxwell’s equations. However,
Baldry and colleagues (2) approximated analytical equa-
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Figure 1: Transmission grating structure. Key grating parameters: A =
grating period; t = grating thickness; n,, = average refractive index;
and An = refractive index modulation.
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Figure 2: Diffraction efficiency for TE and TM polarization versus grating
thicknessforthree differentaverageindicesinthe grating area. Fixed grating
parameters: A_= 840 nm, A = 566 nm, and « = 3 (Littrow configuration).

tions based on Kogelnik’s original work from 1969 (3) to
provide a basic relationship between the physical param-
eters of the gratings and the diffraction efficiency and
bandwidth of the grating. This analysis is based on a pure
sinusoidal index modulation and is surprisingly accurate
for a certain range of gratings. Based on this analysis, it

can be shown that a grating’s diffraction efficiency, for a

fixed grating period and center wavelength, depends on

three factors:

« the average refractive index (1)

o the thickness of the grating ()

« the index modulation (An)

Figure 2 illustrates the effect of the average refractive
index. The figure shows the diffraction efficiency versus
grating thickness for three different average indices and
constant index modulation. First of all, the diffraction
efficiency of both the transverse electric (TE) polarized
and the transverse magnetic (TM) polarized wave oscil-
lates between 0% and 100% efficiency with varying grating
thickness. However, while the period of the oscillation of
the TE diffraction efficiency is almost independent of the
average index, the oscillation of the TM diffraction effi-
ciency depends strongly on the average index. For certain
values of the average refractive index (for example, 1.285
in Figure 2), the TE and TM can peak at the same grating
thickness. This situation is naturally very desirable because
it provides a polarization independent efficiency around
the center wavelength.

The effect of the refractive index modulation is illus-
trated in Figure 3 for the case of a polarization-sensitive
design (average index = 1.200) and a polarization-insensi-
tive design (average index = 1.285). From Figure 3 it can be
seen that the oscillation frequency of the TE and TM waves
increases with increasing index modulation but the relative
peak position of TE and TM stays the same.

To summarize,

o The average refractive index controls whether polariza-
tion independent ~100% diffraction efficiency can be
obtained.

« The index modulation controls the ideal thickness of the
grating.

As will be demonstrated in the next section, such nearly
100% efficient, polarization-independent gratings can be
produced as both SRTGs and VPHs. The high polarization-
independent efficiency is what makes transmission grat-
ings so powerful.

Bandwidth

So far, we have only considered the grating efficiency at a
single wavelength. However, a spectrometer needs to ana-
lyze a range of wavelengths around the center wavelength.
From the article by Baldry and colleagues (2) the full width
at half maximum (FWHM) bandwidth of the grating can
be calculated by

A
ANewrm = ¢ V (2Anye)? - N2 2]



36 Spectroscopy 29(4) April 2014

Avg index = 1.200; Index mod. = 0.10

Diffraction efficiency
e o o =
h O = N

o S
N

[/ \ 7\

[ X\
POl | AV
Grating thicknesslo(:?n)

o

15,000

Avg index = 1.200; Index mod. = 0.15
1.2

o

-

:

s\ *
o

6 0.6

© 04

0 5000 10,000
Grating thickness (nm)

15,000

Avg index = 1.200; Index mod. = 0.2

N DN
, l"-l\‘l
[ \/]

Diffraction efficiency
o o o o -
o N B O 00 = N

0 5000

10,000
Grating thickness (nm)

15,000

Avg index = 1.85; Index mod. = 0.1

= Gi‘;i’."ngtmcknl‘;"(‘l‘lq)
Avg index = 1.285; Index mod. = 0.15
n //\ N
SN RVAILRVA
- osall X 1TV X\ —T
T VAW A BWAN! -
502 v L\ N
P Gatngticnenom
Avg index = 1.285; Index mod. = 0.2
£ N
sV INN N
s A IV RN A —re
—m E ATV N AL —™
/78 Y RVAAVZEA\

15,000

o

5000 10,000
Grating thickness (nm)

Figure 3: Diffraction efficiency versus grating thickness for average indices of 1.2 (left column)
and 1.285 (right column) and for three different index modulation strengths. Fixed grating

parameters: \_= 840 nm, A = 566 nm, and « = {3 (Littrow configuration).
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Figure 4: SRTG structural parameters.
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It has been assumed that the grating
is used in the Littrow configuration
where a = 3. From equation 2 it can be
seen that the bandwidth of the grating
is inversely proportional to the grating
thickness ¢.

Technologies

This section provides some insight
into the manufacturing methods for
SRTG and VPH gratings and presents
some of the fine-tuning that can be
done to design practical polarization-
independent, high-efficiency gratings.

Surface Relief Transmission Gratings

SRTGs can be manufactured by etch-

ing into the surface of a glass substrate

using a mask layer to define the peri-
odic pattern. If fused silica is used as
the substrate, gratings for wavelengths
ranging from UV through NIR can be
made. The index modulation goes from
~1.5 in glass to 1.0 in air — that is, an
index modulation of +0.25. The peri-
odic pattern can be created by either

a holographic technique or by using a

conventional photo-mask. By control-

ling the pattern exposure and etching
process the following parameters can
be varied (within certain limits):

o The shape of the grating “teeth” —
both sinusoidal and rectangular is
possible

o The grating thickness, that is, the
etching depth
The duty cycle of the index modula-
tion, that is, the width of the high
index portion relative to the total
period
The sidewall angle of the grating
structures — even asymmetric tri-
angular (blazed) grating structures
can be produced
Furthermore, dielectric materi-
als with refractive indices different
than the glass substrate can be added
to the structure. Figure 4 shows the
various parameters that can be used
to optimize the grating’s diffraction
efficiency.

As discussed in the previous sec-
tion, a high-efficiency, polarization-
independent design requires that the
average index, the index modulation,
and the grating thickness are con-
trolled and — for the SRTG — this is



done by choosing the physical grat-
ing parameters appropriately. For
instance, for a pure rectangular SiO,
grating profile the average index can
be controlled between 1.0 (air) and
~1.5 (SiO,) by choosing the duty cycle
appropriately. A 50% duty cycle would
yield an average index of ~1.25 and an
index modulation of ~0.25. By adding
dielectric layers with an index larger
than glass, the average index and
index modulation can be made even
larger than 1.5 and 0.25, respectively.

When light propagates through the
complete SRTG in Figure 4 it passes
through three transitions coming
from left to right: the air-glass inter-
face; the glass—grating interface; and
the grating-air interface. Special care
must be taken in the grating design
to avoid Fresnel reflections at these
interfaces. The first air-glass inter-
face simply requires an antireflection
(AR) coating, but the glass-grating
and grating-air interfaces must be
designed such that the structure itself
acts as AR transitions.

Volume Phase Holograms

VPHs are typically manufactured in
a dichromated gelatin (DCG) that is
sandwiched between two glass sub-
strates as shown in Figure 5. The
DCG is transparent from ~350 nm
through NIR, so VPHs generally can-
not be made for UV spectroscopy.
The refractive index of DCG can be
changed permanently by illumination
with laser light. The permanent index
modulation is created in the DCG by
illuminating the material with an in-
terference pattern (holographic tech-
nique). The thickness of the grating
is simply the thickness of the DCG
layer. The index modulation and av-
erage index can be controlled by the
exposure intensity or exposure time of
the illumination. Unexposed DCG has
a refractive index of 1.54 and strongly
exposed DCGs yield a minimum av-
erage index of ~1.25 and a maximum
index modulation of ~0.15.

A benefit of the VPH type of gratings
is that the grating structure is fully pro-
tected between two glass plates, which
makes handling and cleaning less of an
issue compared to SRTGs.

Similar to the SRTG, the glass-air
interfaces in the VPH must be AR-
coated. The VPH process does not
provide a way of controlling the glass-
grating interfaces.

Comparison of SRTG and VPH

With the parameter space available
by the manufacturing techniques
described above, both SRTGs and
VPHs can provide high-efficiency,
polarization-independent diffraction
gratings. In general, SRTGs provide

April 2014 Spectroscopy 29(4) 37

high index modulation (>0.25) and
VPHs provide lower index modula-
tion (<0.15). This means that VPHs
typically require thick gratings (t >
5N\) and SRTGs require thinner grat-
ings (t < 2\).

The bandwidth of the grating is
inversely proportional to the thick-
ness of the grating, which means that
SRTGs will provide a wider band-
width than VPHs.

Table I provides a general overview
of the two transmission grating types.
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Table I: Comparison of SRTG and VPH capabilities

SRTG VPH

Wavelength range 190-2500 nm 350-2500 nm
Maximum diffraction efficiency ~100% ~100%
Bandwidth (AN/\) ~0.36 ~0.12
Polarization independence Yes Yes
Protected grating surface No Yes

24 TW/cm? 0.75 TW/cm?
Power damage threshold (785 nm, 3-kHz rep. (800 nm, 1-kHz rep.

rate, 40-fs pulses) rate, 50-fs pulses)

Maximum temperature ~1000°C ~150°C

AR-coatings

Air Air

ithickness!

DCG layer
with index
modulation

Grating period

Figure 5: VPH grating structural parameters.
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Figure 6: Diffraction efficiencies for SRTG and VPH gratings. The solid lines are theoretical curves

and the colored squares are actual measurements on realized gratings.
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Grating Example

To illustrate how effective transmission
gratings can be, we will consider two
common spectrometer applications: a
Raman spectrometer with a laser wave-
length of 785 nm and a UV spectrometer.

High-Dispersion

Raman grating for 785 nm

The first example is a high-dispersion
grating well suited for Raman spectros-
copy at a laser wavelength of 785 nm. The
groove density of the grating is 1765 lines/
mm (with a 566-nm period) and the angle
of incidence in air is 50°. Ideally, the grat-
ing should provide polarization-indepen-
dent high efficiency from 785 nm to 1000
nm. We used a finite element method (4)
to solve Maxwell’s equations combined
with topological optimization (5) to find
the best VPH and SRTG grating struc-
tures for this problem.

Figure 6 shows the resulting theo-
retical efficiencies for the SRTG and the
VPH. The efficiencies are very high for
both gratings and both polarizations at
the center wavelength. As expected, the
VPH displays a smaller bandwidth than
the SRTG. Also plotted on Figure 6 are
real measurements on realized SRTG
and VPH gratings, which confirms that
an efficiency of >90% can be obtained at
the peak wavelength and >80% efficiency
is obtained over a 200-nm bandwidth
around the peak.

UV Grating

The second example is a broadband UV
grating for the 190-435 nm wavelength
range. This grating has a groove density
of 2420 lines/mm (period of 413 nm).
Since this is a UV grating we have only
considered a SRTG. Figure 7 shows the
theoretical grating efficiency as well as
the efficiency measured at three different
wavelengths. The error bars indicate the
total spread of efficiency over more than
60 individual gratings. As can be seen, the
efficiency is high for both polarizatons
and fairly flat across the complete range
from 190 nm to 435 nm.

Summary

In summary, we have shown how near
100% efticiency, polarization-independent
gratings can be designed by choosing the
average refractive index, index modula-



tion, and grating thickness appropriately.
Furthermore, we have described two
types of transmission gratings — the
surface relief transmission grating (SRTG)
and the volume phase hologram (VPH)
— and shown that both types can provide
the average index, index modulation, and
grating thickness required for producing
gratings with near 100% efficiency. VPHs
generally have weak index modulation
and SRTGs have strong index modula-
tion. As a result, VPHs generally have
thick gratings and a smaller bandwidth
compared to SRTGs, which have thin
gratings with a larger bandwidth. SRTGs
based on fused silica can be made for any
wavelength range from UV through NIR
and VPH can be made for any range from
~350 nm through NIR.
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