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(57) ABSTRACT 

A multilevel diffractive optical element comprising a base 
and a plurality of phase Zones having phase levels of a 
substantially identical height h, each phase Zone being 
de?ned by a local modulation depth d and a local number of 
phase levels E=d/h, the local number of phase levels E per 
phase Zone being a real number, an integer of Which de?nes 
the number of complete levels in the phase Zone, Which 
complete levels have identical Widths, and a fraction of 
Which, in at least one phase Zone, de?nes an incomplete 
level Which is narroWer than the complete levels, said local 
number of phase levels E=E(X, y) varying among different 
phase Zones so as to provide corresponding variation of said 
local modulation depth d=d(X, y) Whereby local diffraction 
ef?ciencies and consequently an overall diffraction ef? 
ciency of the optical element is arbitrarily controlled. 
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MULTILEVEL DIFFRACTIVE OPTICAL 
ELEMENT 

FIELD OF THE INVENTION 

[0001] The present invention relates to a multilevel dif 
fractive optical element (DOE), in particular to a computer 
generated phase DOE, comprising a substrate With a sub 
stantially periodic transmissive or re?ective relief pattern of 
phase retardation Zones. 

BACKGROUND OF THE INVENTION 

[0002] Computer generated DOEs of the above kind are 
capable of performing complicated phase transformations of 
a radiation Wave incident thereon such as a conversion of 

incident radiation Wavefront having one shape into a Wave 
front of any other shape. DOEs of the speci?ed kind are 
usually designed to have a high diffraction efficiency at a 
predetermined, most often, ?rst diffraction order. 

[0003] In order lo obtain 100% diffraction ef?ciencies, 
DOEs suggested by Jordan et al and knoWn as kinoforms 
have a periodic blaZed surface relief With phase Zones 
having a continuous pro?le (“Kinoform lenses”, Appl. Opt., 
Aug. 9/8, 1970, pp. 1883-1887). The depth of the phase 
Zones in kinoforms is generally proportional to phase resi 
dues after modulo 275 so that, in each phase Zone, phase 
variations range is from 0 to 275. However, it is practically 
very dif?cult to produce high quality kinoforms With prop 
erly shaped continuous blaZed pro?le. 

[0004] It has, therefore, been suggested to quantiZe the 
ideal continuous phase pro?le of the DOEs into discrete 
phase levels as an approximation to the continuous pro?le. 
Manufacturing, of such a multilevel DOE is based on a 
generation of a plurality of binary amplitude masks and their 
serial use for serial etching of a plurality of levels over the 
entire optical element. Thus, for example, a multilevel DOE 
disclosed in US. Pat. No. 4,895,790, is produced by means 
of M masks in M serial manufacturing cycles so that, at each 
manufacturing cycle, each previously produced level is 
divided into tWo levels of a smaller height. Thereby, in each 
phase Zone of the DOE, there are produced N=2M levels 
giving identical heights and boundaries de?ning equiphase 
areas of the DOE. HoWever, due to the fact that in such a 
multilevel DOE, all the phase Zones have identical depth and 
number of phase levels, an amplitude of the diffracted 
Wavefront cannot be changed independently of its phase and 
therefore, a desired distribution of overall diffraction effi 
ciency of such a DOE cannot be achieved. Furthermore, 
When a multilevel DOE of the above kind has a varying 
grating period, such as for example in case of high numerical 
aperture diffractive lenses, maximal local diffraction effi 
ciencies cannot be simultaneously obtained from all the 
phase Zone, Whereby overall diffraction ef?ciency of the 
DOE is reduced. 

[0005] To provide for an independent control of an ampli 
tude of diffracted Wavefront, in a binary DOE, BroWn, B. R. 
and Lohmann, A. W. have suggested a DOE in Which the 
amplitude of the diffracted Wavefront is controlled by an 
appropriate choice of the ratio betWeen the Widths of the 
levels (BroWn, B. R. and Lohmann, A. W., “Complex spatial 
?ltering of binary masks”, Applied Optics, 5, 1996, p.967). 
HoWever, With the number of phase levels being limited to 
tWo, the diffraction ef?ciency of the DOE cannot exceed 
40.5%. 
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[0006] It is the object of the present invention to provide 
a neW computer generated multilevel phase diffractive opti 
cal element, in Which local diffraction ef?ciencies and 
consequently an overall diffraction ef?ciency can be arbi 
trarily controlled in the range from 0 to nearly 100% over the 
entire element. 

SUMMARY OF THE INVENTION 

[0007] In the folloWing description and claims the term 
“pro?le” used With respect to a multilevel phase Zone of a 
diffractive optical element means a line passing through 
extremities of phase levels of the phase Zone. The term 
“modulation depth” of a multilevel phase Zone means a 
distance from the uppermost level of the phase Zone to a 
base of the diffractive optical element. The term “optimal 
modulation depth” With respect to a multilevel phase Zone 
means a modulation depth proportional to phase residues 
after modulo 275, Which the phase Zone Would have, in order 
to ensure 100% diffraction ef?ciency in an m-th diffraction 
order, if the phase Zone Were continuous rather than multi 
level. When a multilevel phase Zone has such an optimal 
modulation depth, an angle of inclination of its pro?le With 
respect to the base of the diffractive optical element is 
optimal and a diffraction ef?ciency provided thereby is 
nearly 100%. The term “local” With respect to any feature of 
a diffractive optical element is used to designate a magnitude 
or value Which this feature has at one speci?c location of the 
diffractive element. Tius, for example, a local modulation 
depth of a phase Zone is a modulation depth seen in a 
cross-sectional vieW of the phase Zone taken at one location 
along the extension thereof. 

[0008] In accordance With the present invention there is 
provided a multilevel diffractive optical element comprising 
a base and a plurality of phase Zones de?ned by a modula 
tion depth and a number of phase levels, the number of the 
phase levels per phase Zone varying at different locations of 
the element, characterised in that the variation of said 
number of phase levels is such that the modulation depth, at 
said different locations, varies in a predetermined manner of 
the element. 

[0009] Thus, by the appropriate choice of local modula 
tion depth, according to the present invention, it is ensured 
that at each location of the diffractive optical element, the 
phase Zone pro?le is inclined With respect to the base of the 
element in such a manner that a local amplitude of the 
diffracted Wavefront and, consequently, a local diffraction 
ef?ciency obtained from the diffractive optical element, at 
each said location thereof, have predetermined values. 

[0010] The required orientation of the phase Zone pro?le 
may be achieved by pivoting of a pro?le Which forms With 
the base of the DOE an optimal angle, around its central 
point or one of its edge points or any other, arbitrarily chosen 
point. 
[0011] Thus, by virtue of variation of the modulation 
depth over the entire element, eg from phase Zone to phase 
Zone and/or Within one phase Zone along the direction of the 
extension thereof, any required distribution of diffraction 
ef?ciency of the element can be achieved. Particularly, it can 
be provided that, at any location of the DOE, a local 
diffraction ef?ciency in the desired order is nearly 100%. 
This Will happen in case When, at said location of the 
element, the local modulation depth is of its optimal mag 
nitude. 
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[0012] The local modulation depth at each location of the 
element is de?ned by the local number of phase levels at this 
location and by the height thereof. Due to the fact that, in 
practice, it is extremely complicated to form DOEs having 
variable height of levels, in the DOE according to the 
present invention the height of phase levels is preferably 
invariant over the entire element. 

[0013] In order to determine a speci?c magnitude of the 
height of phase levels it should be kept in mind that the less 
the phase levels height, the greater the number of phase 
levels Which is required for the provision of a desired 
modulation depth and that, in order to render the manufac 
turing of the DOE less complicated and to reduce fabrication 
errors and scatter noise, it is clearly desirable to minimize 
the number of phase levels and, consequently to choose a 
maXimal possible height thereof. On the other hand, to 
obtain required diffraction ef?ciencies, the number of phase 
levels should not be unduly minimiZed and therefore, the 
height of levels must be suf?ciently small, being hoWever 
not less than that dictated by manufacturing constrains. 

[0014] In vieW of the above, it is suggested, according to 
the present invention, that the height of phase levels has an 
optimiZed magnitude determined as a height of phase levels 
of a phase Zone in Which dOpt/Nrnin is of a minimal value, 
Where dOpt is a local optimal modulation depth of the phase 
Zone and Nrnin is a minimal local number of levels Which this 
phase Zone needs to have in order to achieve the predeter 
mined local diffraction ef?ciency. 

[0015] In a preferred embodiment of the present invention, 
the DOE is adapted for production %—ie the use of M 
masks in M serial manufacturing cycles, a maXimal number 
of phase levels obtained thereby being 2M. 

[0016] It is the advantage of the present invention that, 
With the DOE being produced in the above manner, any 
distribution of the modulation depth and, consequently, any 
desired distribution of overall diffraction ef?ciency of the 
DOE can be achieved. 

[0017] In accordance With the present invention, there is 
further provided a method for producing a multilevel dif 
fractive optical element having a phase function ¢=(|)(X,y) 
and phase Zones of different local modulation depth d=d(X,y) 
de?ned by different local number of phase levels, the phase 
levels being of substantially identical height h, said method 
comprising: 

[0018] generating a plurality of M binary amplitude masks 
including the multilevel information, the masks being con 
?gured to provide, in each phase Zone, its local number of 
phase levels, the number of masks being de?ned by an 
integer NO Which is at least not less than a maXimal number 
of phase Zone levels per phase Zone over the optical element, 
and 

[0019] utiliZing the masks’ information serially for serial 
etching of said phase levels into said phase Zones of the 
optical element, 

[0020] a binary amplitude transmittance of the masks 
being de?ned as: 
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[0021] Where P is a parameter Which is de?ned by a serial 
number of a mask, i.e. P=P(M). and Which determines a 
number of boundaries of phase levels provided in each phase 
Zone by this mask, and d0 is a maXimal achievable modu 
lation depth: 

dD=ND-h 

[0022] Preferably, the etching deaths for the masks are 
related by a ?Xed ratio. Thus, With the DOE being produced 
in a manner similar to that described in US. Pat. No. 
4,895,790. P=2M_1 and the etching depth produced by a 
mask is tWice the etching depth produced by the preceding 
mask. If any other method of determining the etching depths 
of the masks is used, the parameter P Will be de?ned 
accordingly. 
[0023] Preferably, the height h of the phase levels is 
determined by: 

[0024] calculating, for each phase Zone, an optimal 
local modulation depth, Which the phase Zone Would 
have, in order to ensure 100% local diffraction 
ef?ciency in the m-th diffraction order, if the phase 
Zone pro?le Were continuous rather than multilevel; 

[0025] assuming that all the phase Zones have their 
optimal local modulation depths and the height of the 
phase levels in the phase Zones is a free parameter, 
calculating local minimal numbers of phase levels 
Which are required to provide for the desired distri 
bution of the diffraction ef?ciency; 

[0026] calculating local heights of the phase levels as 
a result of a division of the optimal local modulation 
depth of each phase Zone by the minimal local 
number of levels thereof, the local height of a 
minimal magnitude being chosen as the optimiZed 
height of the phase levels for the entire optical 
element. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0027] For a better understanding of the present invention 
and to shoW hoW the same may be carried out in practice 
reference Will noW be made to the accompanying draWings, 
in Which 

[0028] FIG. 1 is a schematic illustration of an eXample of 
a diffractive optical element according to the present inven 
tion; 
[0029] FIGS. 2a and 2b are cross-sectional vieWs of a 
multilevel surface relief at tWo different locations of a 
diffractive optical element according to the present inven 
tion; 
[0030] FIG. 3 is an illustration of a continuous surface 
relief corresponding to a multilevel surface relief of the kind 
shoWn in FIGS. 2a and 2b; 

[0031] FIG. 4 shoWs results of a pro?lometer scanning of 
a diffractive optical element experimentally designed and 
recorded according to the present invention; 
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[0032] FIG. 5 is an illustration of central sections of 
masks used to fabricate the multilevel diffractive optical 
element experimentally designed and recorded according to 
the present invention; 

[0033] FIG. 6 shoWs results of thermal imaging of the 
intensity distribution at the focus of the diffractive optical 
element experimentally designed and recorded according to 
the present invention; 

[0034] FIG. 7 shoWs intensity distribution measured alone 
the line at the focus plane of the diffractive optical element 
experimentally designed and recorded according to the 
present invention; 

[0035] FIG. 8 illustrates predicted poWer in the diffracted 
orders as a function of the x-coordinate of a cylindrical 
diffractive optical element according to the present inven 
tion; 

[0036] FIG. 9 illustrates experimental measurements of 
poWer in the diffracted orders as a function of the x-coor 
dinate of the cylindrical DOE experimentally designed and 
recorded according to the present invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0037] FIG. 1 schematically illustrates an example of 
transparent multilevel phase diffractive optical element 
(DOE), according to the present invention. The DOE shoWn 
in FIG. 1 is of a cylindrical type designed so that its phase 
function depends on only one spatial coordinate. i.e. ¢=q)(y). 
Thus, the DOE is formed With a succession of phase Zones 
1, Which de?ne a periodic surface relief of the DOE in 
Y-direction and each of Which extends along the length of 
the DOE in an X-direction. Due to such a design, the DOE 
converts an incident radiation beam 2 With a planar Wave 
front into a diffracted beam 4 With a cylindrical Wavefront 
Which converges to a line 6 parallel to the X-axis at the focal 
plane 8 of the DOE. 

[0038] It Will be described in more detail beloW, that the 
surface relief of the DOE and, particularly, along each phase 
Zone thereof is designed so as to ensure that, at any location 
of the DOE and particularly at any location of any phase 
Zone along the extension thereof, a local amplitude of the 
diffracted Waterfront in an m-th diffraction order has a 
predetermined value Tm(x), Whereby a desired distribution 
of diffraction ef?ciency nm=pm(x) is achieved, it being 
knoWn that, for a unit amplitude incident beam, the diffrac 
tion efficiency is de?ned as 11m=/T 2 rn/ ' 

[0039] It should be mentioned that the DOE according to 
the present invention may be of any general con?guration, 
in Which case the functions ¢=q)(y) and nm(x) Will be 
replaced by general functions ¢=(|)(x,y) and n(x,y). The DOE 
may also be of a re?ective rather than of a transmissive type. 

[0040] As seen in FIG. 1 and speci?cally shoWn in FIGS. 
2a and 2b, the DOE has a base 10, Whereon phase Zones 1 
are formed, each phase Zone having a local grating period A 
providing for the desired phase of the diffracted radiation. 
FIGS. 2a and 2b illustrate a geometry of one phase Zone 1 
at tWo different locations 11‘ and 11“ thereof along the axis 
X. It should be understood that locations 11‘ and 11“ could 
be chosen at any other places of the DOE, for example at tWo 

Aug. 23, 2001 

different phase Zones, in Which case the local grating period 
A of one phase Zone Would be different from that of the other 
phase Zone. 

[0041] As seen in FIGS. 2a and 2b, at each location 11‘, 
11“, the phase Zone 1 of the DOE has a local modulation 
depth d‘, d“ and a local number E‘, E“ of phase levels 12, ie 
d=d(x) and The local modulation depth is de?ned by 
an angle 6‘, e“ of inclination of a local pro?le 13‘, 13“ of the 
phase Zone With respect to the base 10 of the DOE. 

[0042] It should be understood that, in general, the local 
pro?le 13‘, 13“ of the phase Zone 1 corresponds to that Which 
this phase Zone Would have, at the locations 11‘, 11“ thereof, 
if the DOE Were of a continuous type, such as shoWn in FIG. 
3, rather than being multilevel. As seen in FIG. 3, the angle 
6 de?nes an angle 0I at Which the incident radiation is 
refracted by the phase Zone: 

[0043] n1~sin (e)=n2 sin (6+0) (1) 

[0044] 
[0045] Where n1, n2 are respective refraction angles of the 
surrounding medium and the DOE. 

[0046] The diffraction relation of the DOE is 

(Z) 

[0047] Where 9» is a Wavelength of the incident radiation, 
0i is an angle of incidence thereof and 0d is a diffraction 
angle. 

[0048] When the diffraction angle 0d has a value 00 Which 
equals to the refraction angle 0,, maximal local amplitude of 
the diffracted Wavefront and, consequently, 100% local 
diffraction ef?ciency is achieved. The modulation depth of 
such a phase Zone is of its optimal magnitude dOpt 

A (3) 

[0049] Thus, When the angle 6 at Which the phase Zone 
pro?le 13 is of its optimal value providing for the above 
requirement, the modulation depth of the phase Zone is dopt, 
While When the angle 6 does not provide for the above 
requirement, the modulation depth of the phase Zone differs 
from dOpt and the amplitude of the diffracted Wavefront and 
the diffraction efficiency of the phase Zone are reduced. 
Therefore, to provide for a desired distribution of the dif 
fraction ef?ciency, the local modulation depths of the phase 
Zones of the DOE, according to the present invention, vary 
in the range from 0, When a phase Zone has no phase levels 
and the radiation passing through the Zone is not diffracted, 
to the optimal magnitude dopt, at Which all the radiation 
entering the phase Zone is directed to a desired diffraction 
order. The local diffraction ef?ciencies of the phase Zone for 
this order Will, therefore, be in the range from 0 to 100%. 
Furthermore, it can be seen from the Equation 3, that if the 
angles 0I and 0d vary from one location of the DOE to 
another, i.e. 0I=0r(x,y) and 0d=0d(x,y), in order to achieve 
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maximal local diffraction ef?ciencies, the optimal modula 
tion depth dOpt must vary accordingly, i.e. dOpt=dOpt(X,y), 

[0050] It should be noted that, if the required inclination of 
a phase Zone pro?le With respect to the optimal one is 
achieved by its pivoting around an edge point of the pro?le, 
not only the amplitude but also the phase of the diffracted 
Wavefront changes, While if the pro?le pivots around the 
center thereof, no phase chance of the diffracted Wavefront 
Will occur. NotWithstanding this, the former con?guration is 
more preferable for implementation than the latter one, 
because it requires less number of etching operations for 
each phase Zone and a Width of the phase levels is larger 
Which results in less complication during the realiZation 
procedure. The phase change caused by such a con?guration 
can be easily compensated. 

[0051] Reverting noW to the multilevel structure of the 
phase Zones of the DOE, it should be understood that, due 
to the fact that, at at least some of locations of the DOE, 
phase Zone pro?les are oriented not in their optimal manner, 
boundaries of phase levels Which, at different locations of 
the DOE, are equidistant from the base 10 thereof do not 
de?ne equiphase areas, Which is contrary to the situation in 
knoWn diffractive optical elements. 

[0052] As knoWn, a local amplitude of the diffracted 
Wavefront and consequently a local diffraction ef?ciency of 
the DOE depends not only on the speci?c orientation of the 
local pro?le 13‘, 13“ of the phase Zone but also on the 
number and height of the phase levels thereof. Thus, it can 
be shoWn that, a resulting amplitude of the diffracted Wave 
in an m-th diffraction order is: 

(4) 

[0053] Where h is a height of the phase levels, E is the local 
number of levels: 

(5) tlk 

[0054] and N is a local number of complete levels in even 
phase Zone: 

[0055] Thus, the local number of levels in each phase Zone 
is a real number, an integer of Which de?nes the local 
number of complete levels in each phase Zone, Which 
complete levels have identical Widths. An incomplete level, 
if any, is narroWer than the complete levels, being de?ned by 
a fraction of said real number. The incomplete level may be 
the uppermost, the loWermost or any arbitrarily disposed 
level of a phase Zone. In the described eXample, an incom 
plete level 12‘ of the phase Zone 11‘ in FIG. 2a is the 
uppermost level of this phase Zone. In consequence With the 
above, the ?rst term in Equation 4 represents the amplitude 
of the diffracted Wave that is contributed by the complete 
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levels in every phase Zone, Whereas the second term repre 
sents the amplitude Which is contributed by the uppermost 
incomplete level. 

[0056] The eXact solution of Equation 4 yields the diffrac 
tion ef?ciency, assuming a unit amplitude incident beam, as 

[0057] Where 

[0058] is a relative modulation depth. For a small level 
height, i.e. 

<< 1, 
do.” 

[0059] We can replace N by E, so Equation 7 can be 
simpli?ed to 

[0060] Equation 8 is an eXact solution When the modula 
tion depth d is the complete sum of a number of level 
heights. 
[0061] The height h of the phase levels is, preferably, 
invariant over the entire area of the DOE, it consequently 
being clear from Equation 4 that the amplitude of the 
diffracted Wavefront is essentially the function of the num 
ber of phase levels E=E(X,y) so that, by the variation thereof, 
it is provided that the modulation depth d of the phase Zones 
varies in the corresponding manner, i.e. d=d(X,y). Clearly, 
the number of phase levels required for the provision of the 
predetermined values of amplitude of the diffracted Wave 
front depends on a magnitude of the height of the phase 
levels so that the less the height h, the more phase levels are 
required. In order to minimiZe the number of levels, the 
height h of the phase levels, according to the present 
invention, is of an optimiZed magnitude hOpt Which is deter 
mined by: 

[0062] calculating, for each location of the DOE, an 
optimal local modulation depth dOpt=dOpt(X,y), Which 
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the phase Zone Would have, in order to ensure 100% 
local diffraction ef?ciency in the m-th diffraction 
order, if the phase Zone pro?le Were continuous 
rather than being multilevel (Equation 3); 

[0063] assuming that all the phase Zones have their 
optimal local modulation depths dopt=dopt(x,y) and 
the height of the phase levels in the phase Zones is a 
free parameter, calculating minimal numbers of 
phase levels Emin=i§min(x,y) Which are required to 
provide for the desired distribution of the diffraction 
ef?ciency (Equation 7); 

[0064] calculating local heights of the phase levels 

do 1(35, y) 
h I P 
(X, y) ax, y) , 

[0065] the local height Which has a minimal magnitude 
over the entire DOE being chosen as the optimiZed height 
hum of the phase levels. 
[0066] It is clearly possible to choose a loWer magnitude 
of the phase levels height and to still obtain the desired 
diffraction ef?ciency, but this Will cause an increase of the 
number of phase levels and complicate manufacturing of the 
DOE. On the other hand, the height of the phase levels may 
be of a magnitude greater than hopt, but this Will lead to a 
reduction of the diffraction ef?ciencies. 

[0067] It Will noW be explained hoW the DOE in Which, in 
order to provide for the desired distribution of the diffraction 
ef?ciency, the number of phase levels continuously vary 
from phase Zone to phase Zone and/or Within one phase 
Zone, can be manufactured by means of knoWn multilevel 
technology, Which is based on generating a plurality of M 
binary amplitude masks including the multilevel informa 
tion and utiliZing the masks’ information serially for serial 
etching of the phase levels into the phase Zones. 

[0068] Parameters of the masks Which need to be deter 
mined for such a production of the DOE With the phase 
Zones Which, according to the present invention, have dif 
ferent number of phase levels, are: 

[0069] a maximal number of masks MrnaX required 
for the production of a number No of phase levels, 
Where No is an integer Which is at least not less than 
a maximal number of the phase levels in the entire 
element Emmi; in order to obtain high diffraction 
ef?ciency, the maximal possible number of masks 
should be used; thus, by the use of four masks at 
most 16 levels per each phase Zone of the DOE can 

be achieved; 
[0070] a maximal modulation depth dO obtained by 

using MrnaX masks With h as a level height: 

do=Ndh (9) 
[0071] and 

[0072] a binary amplitude transmittance of the 
masks: 

T=t{x}=1 for x>O O for x20 (10) 

[0073] It can be shoWn that, for the DOE according to the 
present invention, the transmittance of the M-th mask is 
determined as 
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[0074] Where P is a parameter Which is de?ned by a serial 
number of a mask, i.e. P=P(M), and Which determines a 
number of boundaries of phase levels provided in each phase 
Zone by the mask, 4) is the phase function ¢=(|)(x,y) of the 
DOE and d is the modulation depth d=d(x,y). With the local 
diffraction ef?ciencies of the DOE being predetermined, 
local magnitudes of the modulation depth d=d(x,y) can be 
determined by substituting the desired diffraction ef?ciency 
in the Equation 8 or by means of suitable computer programs 
based on rigorous equations of Wave theory. Thus, by using 
Equation 11, it is possible to calculate the binary amplitude 
transmittance of the masks Which they need to have in order 
to provide that, at any location of the DOE, the local 
diffraction ef?ciency Will have its predetermined value. 

[0075] Preferably, etching depths for the masks are related 
by a ?xed ratio. Thus, With the DOE being produced in a 
manner similar to that described in US. Pat. No. 4,895,790, 
P=2M_1 and the etching depth produced by a mask is tWice 
the etching depth produced by the preceding mask. If 
another method of determining the etching depths of the 
masks is used, the parameter P Will be de?ned accordingly. 

[0076] With the mask transmittance being de?ned as 
above, it is possible to mathematically compensate fabrica 
tion errors Which occur, When DOEs of the type to Which the 
present invention relates are fabricated by means of con 
ventional lithographic techniques. These errors are con 
nected With the fact that, during etching, a Width at the top 
of the etched layers increases, changing thereby their shape. 
It is knoWn that, in order to correct such an error, the Width 
of the etched level should be reduced by decreasing the open 
regions in the mask used for the etching. Mathematically, 
this can be represented by an increase of the duty cycle, as 

1 

5 2 

[0077] Where |V<|>|=|6<I)\6x|, Ax is the Width of the error 
introduced by the ?rst mask (M=1), and qO1d=1/z the duty 
cycle in the original mask. The compensated duty cycle of 
Equation 12 is noW introduced into Equation 11, together 
With the addition of a bias term sin rcd/dOAq. This yields 

Aq : Axm (14) 
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[0079] FIGS. 4 to 7 illustrate experimental results of 
testing, a cylindrical DOE designed, according to the present 
invention, so that an intensity of the output Wavefront 
thereof has a linear distribution. The DOE Was recorded by 
means of conventional lithographic techniques With Wet 
chemical etching, for transforming the mask data onto a 
GaAs substrate. The ?nest resolution that Was obtained With 
our equipment Was about 3 microns. The siZe of the ?nal 
DOE Was 30 mm by 30 mm and its focal length Was 240 
mm. 

[0080] FIG. 4 shoWs pro?lometer scans of one phase Zone 
of the recorded DOE at three different locations 40, 40‘ and 
40“ thereof, it being seen that at all the locations the grating 
period is identical. As seen, the height of the phase levels is 
constant at all the locations, While the number of levels 
varies in accordance With the variation of the modulation 
depth from one location of the phase Zone to another. Thus, 
at the location 40 of the phase Zone, the number of levels is 
3.4, the loWermost level being incomplete, ie its Width 
being less than that of the other levels, at the location 40‘ the 
number of phase levels is 7.75 and at the location 40“ the 
number of levels is 13.6. The diffraction ef?ciencies 111 of 
the DOE at the above locations are respectively 0.06, 0.39 
and 0.87. As expected the diffraction ef?ciency increases as 
the modulation depth becomes greater. 

[0081] FIG. 5 illustrates magni?ed sections of the central 
parts of the four masks used for the production of the DOE. 
As seen, the masks have fringes Which are not continuous, 
contrary to conventionally designed masks. Moreover, the 
number of phase levels in each phase Zone increases along 
the X-axis While the periodicity remains invariant. 

[0082] The experimental arrangement used for the evalu 
ation of the performance of the DOE comprised a CO2 laser, 
a beam expander and collimator, and a detection system. The 
light emitted from the CO2 laser, at 10.61 pm, Was expanded 
and collimated and the resulting plane Wave illuminated the 
entire DOE and, passing therethrough, conversed to a line at 
the focal plane of the DOE. At the focal plane, an intensity 
distribution of the line Was analyZed. Thus, for a-qualitative 
measurement of the intensity distribution, the line Was 
detected With a thermal camera. To enable a quantitative 
measurement of the intensity distribution, there Was used a 
slit mounted at the focal plane and translated by a stepper 
motor. The slit collected light Which passed therethrough at 
each location onto a thermal detector. The results of these 
experiments are shoWn in FIGS. 6 and 7. FIG. 6 shoWs the 
qualitative intensity distribution at the focus, obtained With 
the thermal camera. It is interesting to note that the inten 
sities of the other diffraction orders, including the Zero order, 
are very Weak and not observable, With the thermal camera. 
FIG. 7 shoWs the quantitative measurements With the 
scanned slit and thermal detector. As seen, the intensity 
distribution along the focus is indeed linear as expected. 
Deviation from linearity at the high intensity levels is 
attributed to diffraction at the edges of the DOE. 

[0083] In an experiment of measuring a poWer in each of 
the detectable diffraction orders, namely —1, 0, +1, and +2 
diffraction orders, the direct narroW beam from the CO2 laser 
(about 1 mm in diameter) Was used to illuminate, With high 
intensity, a small region of the DOE. In such a Way, the 
various diffracted orders could be readily separated. The 
illumination beam Was moved along the X-direction of the 

Aug. 23, 2001 

DOE and, after every displacement of 1 mm, the poWer in 
each of the relevant diffraction orders Was measured. 

[0084] The predicted and experimental results for the 
poWer in four diffraction orders are presented in FIGS. 8 
and 9. The predicted results, shoWn in FIG. 8, Were calcu 
lated in accordance to Equation 8. As seen, the poWers are 
mainly in the Zero and ?rst diffraction orders. FIG. 9 shoWs 
the corresponding experimental measurements. As seen, 
these results conform to the calculated results. The maximal 
normaliZed poWer at the edge of the element Was 0.89 Which 
is only 0.08 less than the predicted one. This reduction is 
caused by lithographic errors such as misalignment of the 
masks and etch depth errors. The deviations from linearity 
are caused by local scattering and nonuniformities in the 
DOE, Which Were averaged and smoothened When the entire 
element Was illuminated. 

1. A multilevel diffractive optical element comprising a 
base and a plurality of phase Zones, the phase Zones being 
de?ned by a modulation depth and a number of phase levels, 
the number of phase levels per phase Zone varying at 
different locations of the element, characterised in that the 
variation of said number of phase levels is such that the 
modulation depth, at said different locations, varies in a 
predetermined manner. 

2. A multilevel diffractive optical element according to 
claim 1, Wherein the variation of the modulation depth is 
such as to ensure that a local diffraction efficiency obtained 
from the diffractive optical element, at each of said locations 
thereof, has a predetermined value. 

3. A multilevel diffractive optical element according to 
claim 2, Wherein the modulation depth of each phase Zone, 
at all locations thereof, has its optimal magnitude so that, at 
each of said locations, said local diffraction ef?ciency is 
maximal. 

4. A multilevel diffractive optical element according to 
claim 1, Wherein, at at least one of said locations of the 
element, a phase Zone pro?le is inclined With respect to the 
base of the element at an angle different from an optimal 
angle at Which the modulation depth, at said at least one 
location, has its optimal magnitude. 

5. A multilevel diffractive optical element according to 
claim 4, Wherein said inclination of the phase Zone pro?le is 
achieved by pivoting of the pro?le oriented at its optimal 
angle around a point located on the pro?le. 

6. A multilevel diffractive optical element according to 
claim 2, Wherein the height of phase levels is substantially 
invariant over the entire element. 

7. A multilevel diffractive optical element according to 
claim 6, Wherein the height of the phase levels has an 
optimiZed magnitude determined as a height of phase levels 
of a phase Zone in Which a ratio dOpt/Nrnin has a minimal 
value, Where dOpt is an optimal local modulation depth of the 
phase Zone and (i)(1)Nrnin is a minimal local number of 
levels Which the phase Zone needs to have in order to 
achieve a predetermined local diffraction ef?ciency. 

8. A multilevel diffractive optical element according to 
claim 1, Which is adapted for production via the use of M 
masks in M serial manufacturing cycles, a maximal number 
of phase levels obtained thereby being 2M. 

9. A method for producing a multilevel diffractive optical 
element having a phase function ¢=q)(x,y) and phase Zones 
of different local modulation depth d=d(x,y) de?ned by 
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different numbers of phase levels per phase Zone, the phase 
levels being of substantially identical height h, said method 
comprising: 

generating a plurality of M binary amplitude masks 
including the multilevel information, the masks being 
con?gured to provide, in each phase Zone, its local 
number of phase levels, the number of masks being 
de?ned by an integer NO Which is at least not less than 
a maXimal number of phase Zone levels per phase Zone 
over the optical element, and 

utiliZing the masks’ information serially for serial etching 
of said phase levels into said phase Zones of the optical 
element, 

a binary amplitude transmittance of the masks being 
de?ned as: 

Where P is a parameter Which is de?ned by a serial number 
of a mask and Which determines a number of bound 
aries of phase levels provided in each phase Zone by 
this mask, and d0 is a maXimal achievable modulation 
depth: 

dD=ND-h 
10. Amethod for producing a multilevel diffractive optical 

element according to claim 9, Wherein the etching depths for 
the masks are related by a ?Xed ratio. 
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11. Amethod for producing a multilevel diffractive optical 
element according to claim 9, Wherein the parameter P 
equals 2M“1 and the etching depth produced by a mask is 
tWice the etching depth produced by the preceding mask. 

12. Amethod for producing a multilevel diffractive optical 
element according to claim 9, Wherein the binary amplitude 
transmittance of the masks comprises mathematical com 
pensation of phase shifts. 

13. Amethod for producing a multilevel diffractive optical 
element according to any one of claims 9 to 12, Wherein the 
height h of the phase levels is of an optimiZed magnitude 
determined by: 

calculating, for each phase Zone, an optimal local modu 
lation depth, Which the phase Zone Would have, in order 
to ensure 100% local diffraction efficiency in the m-th 
diffraction order, if the phase Zone pro?le Were con 
tinuous rather than multilevel; 

assuming that all the phase Zones have their optimal local 
modulation depths and the height of the phase levels in 
the phase Zones is a free parameter, calculating local 
minimal numbers of phase levels Which are required to 
provide for the desired distribution of the diffraction 
efficiency; 

calculating local heights of the phase levels as an attitude 
of the optimal local modulation depth of each phase 
Zone to the local minimal number of levels thereof, the 
local height of a minimal magnitude being chosen as 
the optimiZed height of the phase levels. 

* * * * * 


