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Engineering 

Diffraction Gratings, Part 1 

BY MASUD MANSURIPUR, 
LIFENG LI, AND WEI-HUNG YEH 

Diffraction gratings have been used 
in spectroscopy and other studies 

of electromagnetic phenomena for 
nearly two centuries.1-4 Josef Fraun
hofer (1787-1826), the discoverer of 
the dark lines in the solar spectrum, 
built the first gratings in 1819 by 
winding fine wires around two paral
lel screws.5 Henry Rowland made sig
nificant contributions to the fabrica
tion of precise, large area, high-
frequency ruled gratings in the 
1880s.6 Robert Wood, who succeeded 
Rowland in the chair of experimental 
physics at Johns Hopkins University 
in 1901, used these ruled gratings ex
tensively in his researches, and dis
covered, among other things, the 
"anomalous" behavior of metallic 
gratings, which he first published in 
1902.7 John William Strutt (Lord 
Rayleigh) developed a theoretical 
model of the gratings around 1907, 
and was successful in explaining cer
tain features of Wood's anomalies.8 

However, it is only during the past 30 
years or so that a thorough under
standing of nearly all aspects of be
havior of diffraction gratings has 
been achieved through the consistent 

application of Maxwell's equations 
with the help of advanced analytical 
and numerical techniques.2, 9, 1 0 

Modern gratings having a few 
thousand lines per millimeter with 
near-perfect periodicity are fabricat
ed over fairly large areas (grating di
ameters around one meter or so are 
not unheard of). The groove shapes 
can be controlled to be sinusoidal, 
rectangular, triangular, or trape
zoidal, and one can obtain shallow 
or deep grooves (relative to the 
groove width) by current manufac
turing techniques. These gratings 
can be made on various metal, plas
tic, and glass substrates and, when 
necessary, they can be coated with 
thin-film metal/dielectric stacks. 
Gratings' primary applications are 
still in spectroscopy for analyzing 
the frequency content of electro
magnetic radiation (visible light, ul
traviolet, X-rays, infrared, mi
crowave), but they are also used as 
wavelength selectors in tunable 
lasers, beam-sampling mirrors in 
high-power lasers, band-pass filters, 
pulse compressors, and polariza
tion-sensitive optics, among other 
applications. 

The goal of the present article is 
to describe some of the basic prop
erties of gratings, and to point out 
through several examples the com
plex behavior of these devices. These 
examples are by no means compre
hensive, but they should make it 
amply clear that there is no simple 
way to predict a grating's diffraction 
efficiency. Although the number 
and the propagation direction of 
diffracted orders can be readily ob
tained from simple principles, the 
computation of diffraction efficien

cies requires the complete solution 
of Maxwell's equations in conjunc
tion with the appropriate boundary 
conditions. The results of these cal
culations are often non-intuitive 
and depend strongly on a number of 
factors such as the period of the 
grating, the geometry of the 
grooves, the (complex) refractive in
dex of the material(s) comprising 
the grating, and the wavelength as 
well as the polarization state and the 
propagation direction of the inci
dent beam of light. Fortunately, 
powerful computer programs now 
exist that take all the relevant factors 
into account and provide a reliable 
solution to the electromagnetic 
equations that govern the behavior 
of diffraction gratings. 

Grating theories 
The simplest theory of gratings treats 
them as corrugated structures that 
modulate the amplitude/phase of the 
incident beam in proportion to the 
local reflectivity and the height (or 
depth) of the surface relief features. 
The modulated reflected (or trans
mitted) wavefront is then decom
posed into its Fourier spectrum to 
yield the various diffracted orders. 
Known as the scalar theory of grat
ings, this elementary treatment yields 
the correct number and direction of 
propagation for the diffracted orders, 
but it does not provide an accurate 
estimate of the amplitude, phase, and 
polarization state of each order. 
Rayleigh made a substantial contri
bution to the understanding of grat
ings by representing the diffracted 
field as the superposition of a num
ber of homogeneous (i.e., propagat
ing) and inhomogeneous (i.e., 

Figure 1. Cross-section of a metallized grating. Throughout the paper the side-
wall angle α = 60°, and the duty cycle c, which is the ratio of the land width to 
the grating period, is 60%. At λ0 = 0.633 μm the substrate's refractive index n 
= 1.5, and the metal layer's complex index (n, k) = (2. 7). 
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evanescent) plane waves.8 He then determined the complex amplitudes of the 
various plane-waves by imposing the electromagnetic boundary conditions at 
the grating surface. 

Although Rayleigh's method was far superior to the scalar theory—it ac
counted for some of the observed anomalies and, in fact, provided exact solu
tions to the electromagnetic field equations in certain cases of practical inter
est—it failed to provide a comprehensive solution that would be applicable 
under general conditions. A satisfactory analysis of diffraction from gratings 
requires a numerically stable solution to Maxwell's equations constrained by 
the relevant boundary conditions. Several such methods have been discovered 
and elaborated over the past 30 years by a number of researchers from around 
the world. 2 , 9 , 1 0 The results presented in this article are based on the differen
tial method of Chandezon, which uses the so-called coordinate transforma
tion technique.11 

Diffraction orders 
Figure 1 shows the cross-section of a metallized grating with trapezoidal 
groove geometry. The grating period is denoted by p, the groove depth by d, 
and the duty cycle, which is the ratio of the land width to the grating period, 
by c. In this symmetric grating both side-walls make the same angle α with 
the horizontal plane. The metal layer, specified by its complex refractive in
dex (n,k), is assumed to be thick enough to render the grating opaque. 

Figure 2 shows that the plane of the grating is XY, and its surface normal 
is the Z-axis. The plane of incidence is XZ, with θ being the angle of inci
dence. When the incident E-field is in the plane of incidence, the beam is p-
polarized, and when the E-field is along the Y-axis, it is s-polarized. In an al
ternative nomenclature, in Figure 2(a) the polarization is transverse electric 
(TE) when the incident E-field is parallel to the grooves and transverse 
magnetic (TM) when it is perpendicular to the grooves. Although the grat
ing may be mounted with its grooves in an arbitrary direction within the 
XY-plane, this article will consider only two situations. In the first case, de
picted in Figure 2(a) and referred to as classical mount, the grooves are per
pendicular to the plane of incidence. In this case all diffracted orders remain 
in the XZ-plane, their propagation vectors k given by: 

Here λ 0 is the vacuum wavelength of the light, the integer m specifies the 
diffraction order, the unit vector σ = (σ χ, σ y , σ z) is along the propagation 
direction, and the medium of incidence is assumed to be air. With σ y = 0, it 
is necessary that σ χ

2 + σ z

2 = 1, from which σ z can be determined once σ χ is 
known. To keep σ z real, σχ

(m) = sin θ + (mλ 0/p) must be in the range (-1, 
+1), a constraint that determines the number of propagating orders. 

In the second case, depicted in Figure 2(b) and referred to as conical 
mount, the grooves are parallel to the plane of incidence. Here all diffracted 
orders (other than the 0th) are outside the XZ-plane, their propagation vec
tors given by: 

Again, the integer m is the diffraction order, the implicitly assumed medi
um of incidence is air, and the constraint σ x

2 + σ y

2 + σ z

2 = 1 specifies σ z 

once σ χ , σ y are identified. The inequality σ χ

2 + σ y

2 = sin2 θ + (mλ 0 /p) 2 ≤ 1 
determines the number of propagating orders. This mounting is called con
ical because the various diffracted orders reside on the surface of a cone. 

Technically speaking, the mount is 
conical whenever the grooves devi
ate from the normal to the plane of 
incidence.2 In this article, however, 
whenever the mount is said to be 
conical, the grooves will be strictly 
parallel to the plane of incidence. 

Location of diffracted beams 
A simple experimental setup for ob
serving the beams diffracted from a 
grating appears in Figure 3 (page 
44). The coherent beam of a red 
HeNe laser ( λ 0 = 0.633 μm) is fo-

Figure 2. A monochromatic beam of light breaks up 
into multiple diffraction orders upon reflection from a 
grating. The incidence angle θ is measured from the Z-
axis. When the incident E-field is in the XZ plane of 
incidence, the beam is p-polarized, and when E is 
perpendicular to XZ, the beam is s-polarized. In (a), 
the plane of incidence is perpendicular to the direction 
Y of the grooves. In this so-called classical mount, all 
diffracted orders remain within the XZ plane. In (b), 
where the grooves are parallel to the plane of inci
dence (conical mount), diffracted orders appear on 
both sides of the XZ-plane. 
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cused at oblique incidence θ onto the grating through a long-fo
cal-length lens (NA = 0.065). The diffraction-limited spot diam
eter is 1.22λ0/NA 12 μm, which, if the grating period p is suffi
ciently small, will cover several land-groove pairs. The various 
diffracted beams are then collected and collimated by a micro
scope objective lens (NA = 0.8, f = 2000λ 0). In the following ex
amples, the system is arranged such that the Oth-order beam al
ways appears at the center of the collimating lens. This lens being 
aplanatic, if we denote the angle between a diffracted beam and 
the 0th order by χ, the diffracted beam's distance from the center 
of the exit pupil will be fsin(χ) rather than ftan(χ). 

Figure 4 shows computed patterns of intensity distribution at 
the exit pupil of the collimating lens for the grating of Figure 1 
in the case of classical mount [λ 0 = 0.633 μm, p = 4λ 0 , d = λ 0 /8 , 
θ = 0 in Fig. 4(a, b), θ = 40° in Fig. 4(c, d)].1 2 The incident beam 
is p-polarized or T M (i.e., E-field parallel to the XZ-plane), but 
the beams appearing in the exit pupil have both the p- and s-
components of polarization. In Figure 4 the intensity patterns 
on the left represent the component of polarization that stays 
within the XZ-plane, while those on the right correspond to the 
component along Y. In all cases E L is much weaker than E , the 
ratio of the peak intensities |ET|2: |E | | | 2 being 0.65 X 10 - 5 in the 
case of normal incidence, and 0.009 in the case of θ = 40°. 

Figure 5 is similar to Figure 4, except that the grating is rotated 
by 90° in the XY-plane to bring the grooves parallel to the plane of 
incidence (i.e., conical mount). In Figures 5(a, b) the incidence is 
normal, whereas in (c, d) it is oblique at θ = 30°. In both cases the 
incident beam is p-polarized, but the diffracted beams contain a 
certain amount of s-polarization as well.12 At the exit pupil of the 
lens, the ratio of the peak intensities perpendicular and parallel to 
the XZ-plane is fairly small, |E | 2 : |E | | | 2 being 0.97 X 10-4 at normal 
incidence, and 0.025 at θ = 30°. 

In both the above cases if the scalar theory of diffraction is 
used (instead of the full vector theory), the picture that emerges 
will show the diffracted orders in their correct locations, but the 
amplitude, phase, and polarization state of the various orders 
will be substantially incorrect. 

Diffraction efficiency 
The amplitude of the incident beam at angle θ is denoted by E and 
the amplitude of the mth order reflected (or transmitted) beam 

Figure 3. A monochromatic beam of light is focused by a low-NA 
lens onto a grating. Compared to the grating period, the focused 
spot is large, covering several land-groove pairs at the surface of 
the grating. The diffracted orders, collected and collimated by a 
high NA, aplanatic lens, may be observed at the exit pupil. 

Figure 4. Computed plots of intensity distribution at the exit pupil of 
the collimating lens of Figure 3, when the beam is diffracted from 
the grating of Figure 1 ( λ 0 = 0.633 μm, p = 4 λ 0 , d = λ 0 / 8 ) . The 
grooves are perpendicular to the plane of incidence, as in Figure 
2(a), and the incident beam is p-polarized. The pictures on the left 
correspond to the component of polarization parallel to the XZ-plane 
(E||), while those on the right represent the polarization component 
along the Y axis (E T). In (a, b) the incidence is normal, whereas in 
(c, d) θ = 40°. The ratio of the peak intensity in (b) to that in (a) is 
0.65 X 10 - 5 . Similarly, the peak intensity ratio of (d) to (c) is 0.009. 
These results are based on full vector diffraction calculations. 

Figure 5. C o m p u t e d plots of intensity distribution at the exit pupil 
of the col l imat ing lens of Figure 3, when the beam is diffracted from 
the grat ing of Figure 1 ( λ 0 = 0 . 6 3 3 μ m . p = 4 λ 0 , d = λ 0 / 8 ) . The 
grooves are parallel to the plane of inc idence , a s in Figure 2(b), and 
the incident b e a m is p-polarized. The pictures on the left correspond 
to the component of polarization parallel to the XZ-p lane (E | | ) , while 
those on the right represent the polarization component along the 
Y-axis ( F T ) . In (a, b) the inc idence is normal , whereas in (c, d) θ = 
3 0 ° . The ratio of the peak intensity in (b) to that in (a) is 0 .97 X 
1 0 - 4 . Similarly, the peak intensity ratio of (d) to (c) is 0 .025 . T h e s e 
results are based on full vector diffraction ca lcu la t ions . 
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emerging at θ ( m ) is denoted by E ( m ) . It 
is further assumed that the incidence 
medium is air and, in the case of a 
transmission grating, the transparent 
medium into which the diffracted or
ders emerge has refractive index n0. 
For the mth order reflected (trans
mitted) beam the diffraction effi
ciency p ( m ) ( τ ( m ) ) is written as: 

Here the squared amplitude is the 
beam's intensity, and the cosine fac
tor keeps track of the change in the 
beam's cross-sectional area upon 
diffraction. 

Figure 6 shows computed plots 
of diffraction efficiency versus θ for 
the 0th, +1st, and -1st order beams 
for the grating of Figure 1 (λ0 = 
0.633 μm, p = 3λ 0 , d = λ 0 / 8 ) . 1 2 In 
each frame there are four curves 
representing the diffraction efficien
cy of the corresponding order when 
the incident beam is either p- or s-
polarized, and when the mount is 
either classical (pp , ps) or conical 
(P'p, p's). The sharp peaks and valleys 
appearing in these plots are caused 
by the excitation of surface plas
mons, which exist only, in the case 
of metal gratings, when the incident 
beam has an E-field component per

pendicular to the grooves. (See 
"What in the World are Surface 
Plasmons?" O P N 8, 50-55, May 
1997). The arrows at the bottom of 
each figure point to the angles of in
cidence associated with the Rayleigh 
anomalies; these are points at which 
a particular diffraction order ap
pears or disappears. In Figure 6(b), 
for example, p p and ps terminate at 
θ = 41.81°, which is where the +1st 
order beam becomes parallel to the 
surface and subsequently vanishes. 
In the case of p'p and p's (conical 

mount) the cutoff of both ± 1st or
ders occurs at θ = 70.53°. When the 
metallic grating has a large conduc
tivity, the surface plasmon features 
and Rayleigh anomalies are usually 
located in pairs close to each other. 

Dependence of diffraction efficiency 
on the grating period. 
The efficiency curves become some
what erratic as the period p of the 
grating decreases, but they approach 
a limiting behavior with an increas
ing p. Figure 7 shows computed 

Figure 6. C o m p u t e d plots of diffraction ef f ic iency v e r s u s the angle of inc idence for (a) the Oth order, (b) the +1st order, and (c) the - 1 s t order diffract
ed b e a m s upon ref lect ion from the grat ing of Figure 1 ( λ0 - 0 . 6 3 3 μ m , p = 3 λ 0 , d = λ 0 / 8 ) . The c u r v e s are labeled ρ p , p s for the c l a s s i c a l mount , and ρ'p, 
p's for the con ica l mount (i.e., g r o o v e s parallel to the inc idence plane) . The sol id (dashed) arrows indicate the loca t ions of Ray le igh a n o m a l i e s for the 
c l a s s i c a l (conical ) mount . 

Figure 7. C o m p u t e d plots of diffraction ef f ic iency v e r s u s θ for the Oth order dif fracted b e a m upon 
ref lect ion from the grat ing of Figure 1 ( λ 0 = 0 . 6 3 3 μ m , d = λ 0 / 8 ) . In (a) the grat ing period P = λ 0 

while in (b) p = 5 λ 0 . The curves are labeled p p , p s for the c l a s s i c a l mount , and p'p, p's for the c o n i c a l 
mount . The sol id (dashed) arrows indicate the loca t ions of Ray le igh a n o m a l i e s for the c l a s s i c a l 
(conical ) mount . 
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plots of the 0th order efficiency ver
sus θ for the grating of Figure 1 with 
(a) p = λ0 and (b) p = 5λ 0 (in both 
cases λ0 = 0.633 μm, d = λ0/8).12 

These plots should be compared 
with those of Figure 6(a) corre
sponding to p = 3λ 0. Notice the sub
stantial departure of the curves in 
Figure 7(a) from those in Figure 
6(a). On the other hand, there are 
similarities between Figures 6(a) 
and 7(b), stemming from the fact 
that in both cases, the grating peri
od is fairly large and the grooves are 
rather shallow. 

Figure 8 shows plots of ρ(0) versus 
p at a fixed angle of incidence (θ = 
30°, λ0 = 0.633 μm, d = λ 0 /8 ) . The 
solid (dashed) arrows at the bottom 

(top) of the figure indicate the loca
tions of Rayleigh anomalies for the 
classical (conical) mount. It appears 
that, as the period increases, the var
ious 0th order efficiencies approach 
a limiting value in the vicinity of 
55%. The remainder of the incident 
energy in this case is partly absorbed 
by the metal layer and partly distrib
uted among other diffracted orders. 
As p ∞ the orders that carry the 
bulk of the reflected energy con
verge towards the direction of the 
0th order. At the same time, the 
overall reflectance, which is more 
and more concentrated around the 
direction of specular reflection, 
should approach the specular reflec
tivity of the flat metal layer at 30° in
cidence (i.e., 84% for p-light, 88% 
for s-light). In the opposite extreme 
of p 0 the reflectivity curves again 
show a limiting behavior. Although 
there are no other diffracted orders 
in this case, the limiting value of p ( 0 ) 

is not necessarily the same as the 
specular reflectance of the flat metal 
layer, but it should be calculated 
from an "effective medium" theory. 

Effect of the groove depth 
Another factor that complicates the 
behavior of a grating is the depen

dence of its efficiency on the groove 
depth d. Figure 9 shows plots of p ( 0 ) 

versus θ for reflection off the grating 
of Figure 1 when the groove depth d 
= 0.2 μm (λ 0 = 0.633 μm, p = 3λ 0 ) . 
These curves are quite different 
from those of Figure 6(a), which 
correspond to a similar grating with 
shallower grooves. The lower values 
of p ( 0 ) in the case of deep-groove 
grating indicate that more light is 
being channeled into other diffract
ed orders. 

In next month's issue, part 2 of this 
article will describe reciprocity, the re
solving power of diffraction gratings, 
Littrow mount, blazed gratings, and 
dielectric-coated transmission grat
ings. 
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Figure 8. Computed plots of the Oth order efficien
cy versus the grating period p for the grating of 
Figure 1 (λ 0 = 0.633 μm, d = λ0/8, θ = 30°). The 
solid (dashed) curves correspond to the classical 
(conical) mount. The solid (dashed) arrows indicate 
the locations of Rayleigh anomalies for the classi
cal (conical) mount. 

Figure 9. Computed plots of the Oth order diffrac
tion efficiency versus the angle of incidence for the 
grating of Figure 1 (λ 0 = 0.633 μm, p = 3λ 0 , d = 
0.2 μm). The curves are labeled ρp, ps for the 
classical mount, and p'p, p's for the conical mount. 
The solid (dashed) arrows indicate the locations of 
Rayleigh anomalies for the classical (conical) 
mount. 
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