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Freeform optical surfaces (FOSs) will be the best elements in the design of compact optical systems in the
future. However, it is extremely difficult to measure freeform surface with sufficient accuracy, which im-
pedes the development of the freeform surface. The design and fabrication of computer-generated hologram
(CGH) , which has been successfully applied to the tests for aspheric surfaces, cannot be directly adopted
to test FOSs due to their non-rotational asymmetry. A novel ray tracing planning method combined with
successively optimizing even and odd power coefficients of phase polynomials in turn is proposed, which
can successfully design a non-rotational asymmetry CGH for the tests of FOSs with an F -θ lens. A new
eight-step fabrication process is also presented aiming to solve the problem that the linewidth on the same
circle of the CGH for testing freeform surface is not uniform. This problem cannot be solved in the original
procedure of CGH fabrication. The test results of the step profiler show that the CGH fabricated in the
new procedure meets the requirements.
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Original optical systems composed by spherical and as-
pheric surfaces cannot satisfy the increasing demands for
compactness and high quality with the development of
the photo-electric technology. Freeform optical elements
are widely used in many optoelectronic systems because
they can correct several image aberrations effectively and
simplify optical system structures[1,2]. It has attracted
considerable attention to design and fabricate several
freeform surfaces[3,4]. But the fabrication costs are too
high and the quality of the freeform surfaces are not as
good as aspheric surfaces because it is extremely difficult
to accurately measure the quality of the freeform sur-
faces, which has been the focus in the optical measure-
ment field[5,6].

The interferometric method with computer generated
hologram (CGH) is successfully applied to the precise
testing of aspheric surfaces because CGH can provide
arbitrary shape wavefront that compensates the de-
parture of the tested surface from a spherical one in
null test[7−12]. Using CGH as a null corrcetor in the
tests of freeform surfaces is feasible and valid because
the freeform surfaces can be regarded as non-rotational
asymmetry aspheric surfaces[13]. However, when CGH
is adopted to test freeform surfaces, the design, fabri-
cation and alignment of CGH have been facing techni-
cal barriers caused by free shape, rapid gradient change,
and definition difficulty of freeform surfaces. Until now,
there are few reports on fabrication of non-rotational
asymmetry CGH, and some of them focused on the de-
sign of non-rotational asymmetry CGH[14,15] using cubic
B-spline interpolation. A novel design method based on
orthogonal basis set and fabrication process of CGH used

in tests of freeform surface with an F -θ lens is presented
below.

When CGH is used for testing aspheric surfaces, ac-
cording to the aplanatic principle, all optical paths from
F ′ to the tested surface are equal, as shown in Fig. 1[14].
Supposing the ray going through the point G0 on the
surface is the reference ray and considering an arbitrary
ray launches onto G on the tested surface along the cor-
responding normal direction, the optical path difference
is

w(xs, ys, zs) = |F ′E| + n2 |ET | + |TG|

− |FF ′| − n2 |FR| − |RG0| , (1)

where n2 is the refractive index of the substrate of the
CGH. |F ′E|,|ET |,|TG|, |FF ′|,|FR|, and |RG|0 can be
calculated by ray tracing. The phase distribution of the
CGH is

φ(xs, ys, zs) = 2π · w(xs, ys, zs)/λ, (2)

where λ is the working wavelength.
Due to the rotational symmetry of the aspheric sur-

faces, the phase of each point on the same circle of CGH
can be obtained as long as that of one point is calculated
from Eqs. (1) and (2). Therefore, the phase function can
be described as

φ(ρ) =

N
∑

i=1

αiρ
2i, (3)

where N is the number of polynomial coefficients in
series, the coordinate ρ is the radius generalized by the
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Fig. 1. Geometry for calculation of phase function of CGH.

Fig. 2. Optimizing phase polynomials algorithm flow.

maximum distance from the optical axis, and αi is the
coefficient on the 2ith power of ρ.

It is clear that the design of the CGH for testing as-
pheric surfaces can be realized by one ray-tracing point
on the same circle on the tested surface and searching
the global optimal coefficients αi in Eq. (3). Usually,
the number of the coefficients αi will not be more than
8, and they can be easily optimized by a normal optical
design program. However, the above-mentioned design
method is not applicable to the test of freeform surfaces
because the non-rotational asymmetry of the freeform
surfaces results in the phase function of CGH that does
not satisfy Eq. (3).

Considering the non-rotational asymmetry of the
freeform surfaces, it is critical to properly plan the ray
tracing points at different positions of the same circle on

the tested surface in addition to setting up Eqs. (1) and
(2). A novel method for planning ray-tracing points on
the tested surface is shown in Eq. (4). It uses gradient
change trend of the tested surface to decide the position
of ray-tracing points.

{

θ0 = 0
, θn 6 2π

∇δθn−1 · (θn − θn−1) = π
180

, (4)

where n is the number of ray-tracing points on a certain
circle, θn is the polar angle of the nth ray-tracing point,
∇δn is the gradient modulus of the nth ray-tracing point
generalized by the maximum gradient modulus on the
circle. Equation (4) divides the circle into 360 parts and
makes the ray-tracing points dynamically distributed in-
stead of uniformly distributed in each part, which reduces
the wavefront error to less than λ/20[9]. From Eq. (4), it
can be observed clearly that the density of the ray-tracing
points increases where the gradient of the tested surface
changes rapidly, resulting in accurate calculations of the
phase function of CGH.

When the ray-tracing planning model is used in the
CGH design for testing freeform sufaces, the math model
for designing CGH can be described as































w(xs, ys, zs, m) = |F ′E| + n2 |ET | + |TGθm|

− |FF ′| − n2 |FR| − |RG0|

the position of Gθm : ∇δθm−1
· (θm − θm−1)

=
π

180
, θ0 = 0

φ(xs, ys, zs, m) = 2π · w(xs, ys, zs, m)/λ

, (5)

where m is the serial number of the ray-tracing points on
a certain circle on the tested surface, and Gθm is the mth
ray-tracing point on the tested surface. Equation (5) ad-
dresses the issue that one point’s phase calculated from
Eqs. (1) and (2) cannot represent the phase of each point
on the same circle of CGH due to the non-rotational
asymmetry. We use the same method to divide the tested
surface into several circles, as introduced in Ref. [9]. It
can be found that Eq. (3) cannot describe the phase
function of CGH calculated from Eq. (5). Hence, a
new polynomial is used to describe the phase function
of CGH, shown as

φ(x, y) = a1x + a2y + a3x
2 + a4xy + a5y

2 + a6x
3 + a7x

2y

+ a8xy2 + a9y
3 + · · ·

= aI
i

n
∑

i=1

xi + aII
i

n
∑

i=2

xi−1y + aIII
i

n
∑

i=3

xi−2y2 + · · ·

+ an
i

n
∑

i=n

xyi−1 + an+1
i

n
∑

i=1

yi, (6)

where αi is the coefficient of the xy. From Eq. (6), it can
be seen clearly that the global optimization coefficients
αi is invalid due to the massive number (generally more
than one hundred) of the αi. Since most freeform sur-
faces depart from a rotational symmetry aspheric sur-
face, a novel method for optimizing the coefficients of
phase polynomials is proposed. The principle of the
method is explained as following. One one hand, the
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Fig. 3. Freeform surface expressed by Eq. (7).

Fig. 4. Null interferometric optical geometry for testing the
freeform surface with CGH.

Fig. 5. Phase function plot of the CGH. Phase distribution of
CGH of (a) x-axis and (b) y-axis.

coefficients of even terms (including the power of both
x and y in Eq. (6)) will be optimized continuously until
the value of merit function is smaller than the objective
value, because the even terms in the polynomials repre-
sent the characteristic of the rotational symmetry which
dominates the shape of the tested surface. On the other
hand, the coefficients of odd terms representing the char-
acteristic of the non-rotational asymmetry will be opti-
mized continuously until the value of merit function is
smaller than the objective value. Then the coefficients
of even and odd terms will be optimized in turn until the
value of merit function reaches the target. Figure 2 shows
the algorithm flow for optimizing the above-mentioned
phase polynomials.

For example, using the design method proposed above,
a CGH for testing a freeform surface of F -θ lens described
as

z = ax2 + by2 + cy4, |x| 6 7.5, |y| 6 20, (7)

where a = −1/25, b = −1/250, and c = 1/9 2000. The
units of x, y, z are millimeters. Figure 3 shows the shape
of the freeform surface.

The thickness of the CGH substrate in this example
is 5 mm because a thinner CGH substrate is prone to
deformation when e-beam lithography is used to make
pattern on the substrate and the substrate thickness limit
of the e-beam lithography. Figure 4 depicts the null in-
terferometric optical geometry for testing the freeform
surface of F -θ lens with CGH. A plane wave is produced
by the collimating lens with a point source posited at
the focus. After transmitting the F0.75 lens, the plane

wave becomes standard sphere. With the departure of
the tested surface from the standard sphere compensated
by CGH, the wavefront launches onto the tested surface
along the corresponding normal direction.

According to Eq. (5) , the discrete phase distribution
of CGH is calculated. Then the phase function of CGH
with inclined carrier frequency for separating diffraction
orders is obtained by optimizing the coefficients in Eq.
(6) with the algorithm shown in Fig. 2. In this example,
the highest power of the phase polynomials is 12 and the
number of the coefficients in Eq. (6) is 90. Figure 5
shows the phase function plot of the CGH desinged by
the new method. Figure 6 depicts wavefront aberration
from the CGH. Figure 7 depicts the spot diagram of the
autocollimatic reflected wave from the freeform surface.

It can be clearly seen from Fig. 5 that the phase in-
crement of the x-axis is faster than that of the y-axis
corresponding the gradient change trend of the freeform
surface, which means the linewidth of the pattern at
x-direction is narrower than that at y-direction. The
narrowest linewidth of the pattern on CGH is 700 nm
(calculated from Fig. 5), which is a challenge to the
fabrication of xxx.

It is observed from Fig. 6 that the peak to valley (PV)
value of the wavefront is 0.0065 λ and the RMS value is
0.0011 λ. The requirements of the design are 0.01 λ for
PV and 0.001 λ for RMS. In Fig. 7, the spot of the wave
reflected from the freeform surface to the point source is
0.1 µm, which means that the wavefront from the CGH
launches onto the tested surface along the corresponding
normal direction. It can be concluded that the design
satisfies the requirements of the null test for the freeform
surface.

Figure 8 shows the CGH pattern produced by the L-
edit software. The shape of the CGH pattern for testing
freeform surfaces is obviously different from that for
testing aspheric surfaces. The shape of the CGH pattern
for testing aspheric surfaces is circular and the linewidth
on the same circular is uniform. However, the shape of
the CGH pattern for testing freeform surfaces resembles
an ellipse and the linewidth on the same circular is not
uniform.

At present, the original procedure of CGH fabricating
for testing aspheric surfaces consists six steps, as shown
in Fig. 9. The CGH designed above was fabricated
following the six-step process. Quartz glass was used
as the substrate of CGH. A radio frequency sputtering
system (Norodiko NM2000) was used to coat one layer of
chrome on the substrate. A Headway R790 spinner was
used to spin the photoresistent on the chrome. An elec-
tron beam lithography system (Crestec CABL-9510C)
was used to make pattern. A reactive ion etching system
(RIE) (PlasmaTherm 790 system) was used to etch deep
step. Figure 10 depicts the CGH fabricated by the six-
step procedure.

It is obviously observed from Fig. 10 that the edge of
the pattern deformed seriously, indicating that the fab-
rication of the sample is not successful. Analysis showed
that the failures occurred at the third and fourth step in
the process where some chemical reagents were used to
remove the photoresistent and chrome. Due to the uni-
form linewidth on the same circular of CGH for testing
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Fig. 6. Wavefront aberration from the CGH.

Fig. 7. Spot diagram of reflected wave.

Fig. 8. CGH pattern with L-edit software.

Fig. 9. Six-step procedure for CGH fabricating procedure.

Fig. 10. CGH fabricated by the six-step.

aspheric surfaces, the reaction time of the chemical
reagents is the same at different positions of the same
circular, which means the phenomenon in Fig. 10 will
not occur. However, with the same reaction time, due
to the non-uniform linewidth on the same circular of

CGH for testing freeform surfaces, some regions in the
same circular reacted incompletely while some regions
reacted excessively, leading to the phenomenon in Fig.
10. Figure 11 depicts the pattern after developing in the
original procedure. Figure 12 depicts the pattern after
removing the uncovered chrome with acid in the original
procedure.

In Figs. 11 and 12, deformed edges can be observed
because the non-uniform linewidth on the same circular
of CGH has not been considered in the original proce-
dure.

After several experiments, a new eight-step fabrica-
tion procedure is suggested. At the third step (Fig. 9),
the developing time and the concentration of developer
are calculated according to the narrowest linewidth of
CGH (which indicates some regions react incompletely).
Hence, it is proposed to add a new step before the fourth
step—using RIE to etch the remain photoresistent in
incompletely reacted regions. In the same way, at the
fourth step, the time and concentration of acid are cal-
culated according to the narrowest linewidth and a new
step—using RIE to etch the remain chrome in incom-
pletely reacted regions—is also suggested. Figure 13
shows the pattern after developing in the new procedure.
Figure 14 shows the pattern after removing the uncov-
ered chrome in the new procedure.

Fig. 11. Pattern after developing in the original procedure.

Fig. 12. Pattern after removing chrome in the original proce-
dure.

Fig. 13. Pattern after developing in the new procedure.
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It can be observed clearly from Figs. 13 and 14 that the
phenomenon in Fig. 10 has not occurred and the edge
of the pattern is free of damage. Figure 15 depicts the
fabricated CGH with high quality for testing freeform
surface of F -θ lens. Figure 16 depicts the test results
of the linewidth and depth of CGH pattern by surface
profiler (Ambios XP-2). From Fig. 16, the linewidth of
the first circular is 24.15 µm and the depth of the step is
690 nm, which match the demands of the design (24-µm
linewidth and 692-nm depth).

In conclusion, the non-rotational asymmetry of the
freeform surfaces makes the design and fabrication of
CGH very difficult. The original rotation design method
is invalid in the fabrication of CGH. A novel ray-
tracing planning model is proposed to be added into
the math model for designing CGH with non-rotational

Fig. 14. Pattern after removing chrome in the new procedure.

Fig. 15. CGH fabricated in the new procedure.

Fig. 16. Test results of surface profiler.

asymmetry. The method of optimizing even and odd
power coefficients of phase polynomials in turn is sug-
gested to perform the global optimization. As a result,
the CGH whose wavefront aberration is 0.0065 λ (PV)
and 0.0011 λ (RMS) was successfully designed and used
in null test for freeform surfaces of F -θ lens. The origi-
nal six-step fabrication procedure is not proper for non-
rotational asymmetry CGH because the non-uniform
linewidth on the same circular of CGH has not been
considered. A new eight-step fabrication procedure is
presented by adding two steps that use RIE to remove
the remain photoresistent and chrome in incompletely
reacted regions. The results of surface profiler prove
that CGH fabricated in the new procedure satisfied the
design requirements.

This work was supported by the Natural Science Foun-
dation of Jiangsu Province of China under Grant No.
BK2012802.
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