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Abstract: In this paper, the lens modules used in the Zones 
1–4 microscope objectives, which have been summarised 
in Part II, are utilised to create new structures. Both the 
modification of available systems and the synthesis of 
new system structures from basic building blocks are 
introduced. Moreover, design principles used under four 
special cases are introduced in this paper, including very-
low-magnification Zone 5 objectives, very-high-magnifica-
tion Zone 6 objectives, objectives with correction function 
(CORR) and objectives with diffractive optical elements, 
which were not systematically discussed in Part II. All the 
definitions and terms are based on the preceding papers.

Keywords: aberration correction; microscope objective; 
microscopy; optical design.

1   Introduction
A historical review of the patented microscope objectives 
has been given in the connected paper Part I [1], where 
the systems were classified into six zones based on their 
etendue. The majority of the collected systems locate in 
Zone 1 to Zone 4, which have 443 entries holding 91.5% of 
the whole database (484 systems). Their system structures 
have been systematically analysed in the connected paper 
Part II [2], from the viewpoints of aberration correction, 

application requests and the consideration of manufac-
turing and technology to extract the basic building blocks 
as lens modules. The exceptional very-low-magnification 
(<4 ×) Zone 5  systems, as well as the very-high-magni-
fication (>100 ×) Zone 6  systems, share some basic lens 
modules with the Zones 1–4  systems for aberration cor-
rection. However, they applied special design principles, 
which are only used in this zone, particularly regarding the 
distinctive optical power distribution. These features will 
be introduced in Section 2. In Part II, some special design 
principles of objectives with correction function (CORR) 
have been discussed, including optical power distribution 
and utilisation of air lenses. The missing general review of 
the feasible solutions will be given in Section 3. Further-
more, from the 1990s, a series of microscope objectives 
designed with diffractive optical elements (DOEs) have 
been patented. However, because of the stray light, the low 
diffraction efficiency over a wide spectrum and the critical 
sensitivity and robustness to fabrication tolerance, they 
were only used for quasi-monochromatic applications and 
rarely manufactured for mass production. In the recent 
decade, by applying the bonded-multilayer DOEs, new 
designs corrected for the wide spectral range can be used 
for mass production. The functionality of DOEs in modern 
microscope objectives will be introduced in Section 4. It is 
notable that similar to the lithographic projection lenses, 
aspheres are also used in some recently developed micro-
scope objectives with extremely high etendue to improve 
the axial correction and control the volume of the system 
[3]. However, because of the limited number of collected 
entries, its functionality will not be discussed in this paper.

The classical development of the microscope objec-
tive was application oriented and based on the technology 
roadmaps of different manufacturers. Therefore, in previ-
ous literatures, a systematic synthesis approach is rarely 
reported [4–7]. In our work, utilising the summarised lens 
modules and design principles, as a reversed process, a 
systematic synthesis approach can be achieved. For one 
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thing, to modify the available systems for new applica-
tions, single or multiple new lens modules can be inserted 
or adapted to the old structure. For the other, by fixing the 
optical power distribution and utilising the lens modules 
in the front, middle and rear groups, arbitrary new struc-
tures can be synthesised. In Section 5, design examples 
for both considerations will be demonstrated.

2   Design principles of the Zone 5 
and Zone 6 systems

2.1   Very-low-magnification Zone 5 systems

The very-low-magnification Zone 5 is defined by a mag-
nification below 4 ×. According to the introduction in 
Sections 3.2 and 4.2 of Part I, to fulfil the requirements 
of telecentric object space and parfocality, nearly all the 
systems within this zone are designed with the ‘PNP’ 
optical power distribution shown in Figure 1, which con-
sists of a positive front group close to the object, a negative 
middle group and a positive rear group. The middle and 
rear groups form a typical telephoto structure, which is 
different from the typical retrofocus structure used in the 
systems from the other zones. The additional front group 
plays the role of a field lens, which does not affect the tel-
ephoto structure but significantly shifts the pupil for tel-
ecentricity and corrects the field curvature.

Conventionally, the telephoto system can be charac-
terised by the telephoto ratio t, which is defined in Equa-
tion (1) as the ratio between the system overall length L 
and the effective focal length f. In classical photographic 
systems, it typically lies between 0.6 and 0.9 [8]:

 
= .Lt
f  (1)

When it comes to the microscope objectives, the 
overall length L is limited by the parfocal length, which 

is typically standardised as 45 or 60 mm by major manu-
facturers. Although the optical overall length can be set 
slightly larger than the parfocal length, which is fixed by 
the mechanical shoulder, the deviation is usually within 
5  mm. Assuming the microscope objectives corrected 
for the infinite conjugate with 200-mm tube lens, effec-
tive focal lengths of the Zones 1–4 systems are within the 
range between 2 and 50 mm. Therefore, the systems can 
realise parfocality with a symmetric structure (double 
Gauss) or retrofocus structure to extend working distance 
(WD). However, in Zone 5, the effective focal lengths of 
1 ×, 2 ×  and 3 ×  objectives are tremendously enlarged to 
200, 100, and 66.7  mm, which requires telephoto ratios 
of 0.225, 0.45, 0.675 and 0.3, 0.6, 0.9 to match the 45-mm 
(Leica) and 60-mm (Nikon) parfocal length, respectively. 
It is self-evident that designing 2 ×  and 3 ×  objectives is 
relatively simple, where the telephoto ratio matches the 
typical value, while the 1 ×  objectives with very small tele-
photo ratio are difficult to achieve. Although the field lens 
is helpful to reduce the telephoto ratio, it is nearly impos-
sible to reach the value below 0.3 with sufficient WD. It is 
also notable that the longer parfocal length is beneficial to 
realise low magnification. Therefore, Nikon patented the 
majority of Zone 5 systems with various relaxed structures.

Based on the telephoto structure, despite the aberration 
correction burden, the maximum feasible numerical aper-
ture (NA) is limited by the standardised thread diameter 
DThread as Equation (2). The diameter D of the exit marginal 
ray bundle should be smaller than the thread diameter:

 
< =Thread Thread

Tube

NA ,
2 2

D D
M

f f  (2)

where M is the magnification and fTube is the focal length 
of the tube lens. Under the Royal Microscopical Society 
(RMS) standard thread diameter of 20.32 mm with 200-mm 
tube lens, the maximum NA of the 1 ×  objective is 0.05. To 
extend the feasible NA and relax the optical design, man-
ufacturers selected larger thread diameters, for instance, 
25 mm used by Nikon and 27 mm used by Carl Zeiss.

The aberration behaviour of the ‘PNP’ very-low- 
magnification systems is field dominant, which is distinct 
from the aperture-dominant Zones 1–4 and Zone 6 systems. 
In the conventional photographic telephoto systems, to 
achieve quasi-telecentric object space, the aperture stop 
should be located behind the rear group. The external 
pupil introduces critical distortion and large pupil aber-
ration. In the microscope system with epi-illumination, 
pupil aberration results in poor uniformity of the object 
illumination, which is not acceptable. Furthermore, when 
the telephoto ratio reduces, the lateral colour and field 
curvature become critical. As a consequence, the front 
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Figure 1: ‘PNP’ optical power distribution of Zone 5 very-low-
magnification microscope objectives.
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field lens must be used to compensate the field curvature 
and shift the pupil for distortion correction. Thick menis-
cus lenses are also utilised in the front and middle groups 
to correct field curvature. The overall ‘PNP’ structure also 
fulfils Petzval’s theorem for better field curvature correc-
tion. When it comes to the lateral colour, as introduced in 
Section 6 of Part II, in order to correct it or compensate it, 
achromatic glass pairs and dense flint glasses should be 
selected for the lens groups with large field separation. In 
the Zone 5  systems, the corresponding materials can be 
used in both the front and rear groups.

Apart from the telephoto ratio t, the structure of the 
very-low-magnification systems also depends on the sym-
metry factor s, which is defined by the ratio between the 
exit axial ray bundle diameter D and the object size 2yobj. 
Considering the objective lens corrected for the infinite 
conjugate, Equation (3) gives the symmetry factor s with 
respect to fTube, NA and intermediate image size SF

 = =
⋅Tube

obj

2 NA
.

2 SF
fDs

y

 
 (3)

When s = 1, the general geometrical structure of 
the ‘PNP’ is nearly symmetric (not the ray path). Thus, 
both the front and rear groups can be designed rather 
simple. A singlet can be used as the front field lens, 
and cemented lens with achromatic glass selection is 
usually used in the rear group for both the axial chro-
matic  aberration and the lateral colour correction. When 
s > 1, the axial field correction is dominant. Hence, the 
rear group is designed with a complicated structure for 
spherical aberration correction, and typically, special 
materials are used in the rear group for lateral colour 
correction. When s < 1, the field ray bundles are more 
significantly separated at the front group. Therefore, 
dense flint glasses and achromatic glass pairs should 
be used in the front group with stronger bent meniscus 
lenses for better pupil shift, field curvature correction 
and lateral colour compensation. Table 1 shows three 
representative ‘PNP’ very-low-magnification systems 
with low t low s, high t high s and high t medium s = 1, 
respectively.

Table 1: Three representative ‘PNP’ very-low-magnification Zone 5 objectives with similar intermediate image size.

System parameters   System layout   Telephoto 
ratio t

  Symmetry 
factor s

1./0.03 SF25 Yamaguchi Nikon [9]
60-mm parfocal length

    0.30   0.48

2./0.10 SF25 Otaki Nikon [10]
60-mm parfocal length

    0.60   1.60

3./0.06 SF24 Klein Leica [11]
45-mm parfocal length

    0.675   1.00
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To further increase the object size for wide field 
observation, Nikon patented a 0.5 ×  objective, which 
has the lowest magnification in our database. However, 
because of the limit of telephoto ratio (0.15 impossible), 
the overall length of the objective cannot fit into the 
parfocal length 60 mm. Therefore, the front and middle 
groups are designed within the parfocal length, forming 
an objective component attached to the turret, while the 
rear group is made as an auxiliary lens unit added close 
to the tube lens, which is schematically demonstrated in 
Figure 2.

2.2   Very-high-magnification Zone 6 systems

Except for two systems designed for total internal reflec-
tion fluorescence (TIRF) applications, the other 18 col-
lected Zone 6 objectives are designed for semiconductor 
inspection with long WD belonging to class 4 and class 
5, which were defined in 4.3.1 of Part I (relative WD factor 
k = 0.5–13). They are designed with nearly identical ‘PPN 
strong retrofocus’ structure as type (b) in table 2 of Part 
II. The retrofocus factors r of all the systems, which was 
defined as the ratio between the maximum marginal ray 
height in the objective (hmax) and the marginal ray height 
of the exit ray bundle (hexit), are smaller than 0.2, below 
the limit value 0.25. However, compared with the type (b) 
systems in Zones 1–4, with the increasing magnification, 
the focal length of the system reduces; thus, the axial 
chromatic aberration becomes more critical. Moreover, 
because of the requirement of long WD, to further reduce 
the retrofocus factor, the optical power of the negative 
rear group should be enlarged, while the positive front 
groups should have less power. The axial chromatic aber-
ration becomes excessive in proportion to the increase in 
focal length of the positive subgroup [13]. Because of the 
enlarged diameter of the positive subgroup, the spheri-
cal aberration, field curvature and coma also become 

more severe under high NA [14]. Consequently, compared 
with typical Zones 1–4  system with the simple negative 
rear group, the Zone 6  systems are designed with more 
compound rear groups consisting of a negative front sub-
group, a positive middle group and a negative rear group 
with strong power, which steadily narrows the ray bundle 
and significantly corrects the chromatic aberration. 
Figure 3 demonstrates the optical power distribution and 
two example plan-apochromate systems belonging to WD 
class 4 and class 5, respectively.

The lens modules utilised in the front group and 
middle group are the same as the Zones 1–4 systems. With 
the help of aplanatic meniscus shell lenses and cemented 
doublets and triplets, the high NA is effectively collected 
and the spherical aberration and axial chromatic aberra-
tion are partly corrected. The additional subgroups in the 
rear group are also designed with cemented lenses with 
achromatic glass selection and contribute to both spheri-
cal aberration and axial chromatic aberration correction. 
The meniscus lenses and separated ‘PNP’ structure are 
also helpful to correct field curvature.

3   Review of the CORR objective 
solutions

As introduced in Section 4.3.2 of Part I, generally there are 
three solutions to realise the CORR function in the micro-
scope objectives: removable/replaceable element in front 

60 mm

Auxiliary lens

Figure 2: The 0.05 × /0.025 SF25 objective [12] with the front and 
middle groups within the parfocal length and the rear group as an 
auxiliary unit.
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Figure 3: (A) Optical power distribution of Zone 6 systems. (B) 
200 × /0.62 SF30 objective [15] of class 4 WD, k = 13, r = 0.05. (C) 
250 × /0.90 SF26.5 objective [14] of class 5 WD, k = 0.53, r = 0.13.
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of the objective, moving component in the middle group 
and the utilisation of air lens effect. From the earliest 
solution with the removable element to the latest solution 
utilising air lens effect, better correction performance is 
achieved, and it is feasible to implement multi-adjust-
ment including cover glass (CG) thickness, immersion 
liquid, temperature and imaging depth, but the mechani-
cal structure becomes tremendously complicated. In this 
section, we mostly concentrate on the functionality of dif-
ferent solutions in CG correction.

3.1   Removable/replaceable element

The CORR objectives were originally developed for the 
inverted microscope. Since the thickness and material of 
the glass vessel, e.g. cell culture dish, are not standard-
ised, a wide range CG correction is required. Utilising a 
removable/replaceable element at the front part of the 
objective, the change of CG can be compensated without 
changing the other parts of the system. Figure 4 shows a 
plan-fluorite 25 × /0.60-long WD objective [16] designed for 
observation through a cell culture dish with an inverted 
microscope or liquid crystal display substrate for indus-
trial inspection. Both the dish and the substrate have the 
shape of a plane plate, which can be considered a CG. 
Under case A, a plastic (nd = 1.591, vd = 31.00) plane plate 
with 1.1-mm thickness is used. The corresponding replace-
able element is made of low-dispersive and low-cost NSL5 
glass (nd = 1.523, vd = 59.89) with thickness of 1.76  mm. 
When another 1.2-mm NSL5 plane plate is used instead of 
the plastic one under case B, to compensate the induced 
spherical aberration and chromatic focal shift result-
ing from the distinctive dispersion, a 0.7-mm plane plate 
made of PBM28 glass (nd = 1.689, vd = 31.08), which has 
similar dispersion as the plastic material, is attached to 
a 0.8-mm NSL5 plane plate as a new replaceable element. 

Only by changing the replaceable element, the corrected 
configuration maintains identical axial chromatic correc-
tion and slightly changed spherical aberration without 
focal shift, which is shown in Figure 5. In this paper, for 
infinite-corrected systems, all the longitudinal aberra-
tions are calculated under the circumstance that the tube 
lens is inserted behind the objective.

Although the solution with removable/replaceable 
element could achieve nearly consistent corrected perfor-
mance, it cannot realise continuous CG adjustment. Each 
replaceable element is produced for a specific CG thick-
ness and material, which is not comfortable for practi-
cal applications with arbitrary CG thickness within its 
fabrication tolerance. Furthermore, for high NAs (>0.7), 
the design of this replaceable compensating component 
is nearly impossible, due to the tremendous higher-order 
spherical aberration induced at the plane plate.

3.2   Moving components in the middle group

From the 1980s, adopting the idea of zooming photo-
graphic objectives, a setup with moving components in 
the middle group becomes the most popular solution. 
In the early patents in the 1980s and 1990s, to achieve 
a wide range of CG correction with short track of move-
ment, a positive component with strong optical power 
was utilised. Figure 6 demonstrates three CG configura-
tions of a plan-achromate 40 × /0.55 objective [17], which 
could correct 0–2 mm CG thickness. Apart from the slight 
adjustment of the WD, 1 mm CG thickness change can be 
compensated by about 1-mm movement of the second 
cemented doublet. However, because of the great optical 

Plane plate
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Cover glass
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B

Figure 4: The 25 × /0.6 SF10 long WD objective. (A) Used with 
1.1-mm plastic plane plate. (B) Used with 1.2-mm glass plane plate.
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Figure 5: Longitudinal aberration of the 25 × /0.6 objective shown 
in Figure 4. The shaded region indicates the DoF of the d-line. (A) 
Used with 1.1-mm plastic plane plate. (B) Used with 1.2-mm glass 
plane plate.
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power (f = 26.97  mm) of the moving component and the 
lack of the compensation group, the focus is significantly 
shifted. According to the longitudinal aberration of the 
three configurations shown in Figure 7, from case A to case 
C, the focal shift of the d-line is about three times the depth 
of focus (DoF = 10 mm), which is not negligible. Because 
of the strong power of the moving component, from case 
A to case C, the working object NA is changed from 0.54 
to 0.52, while the magnification is changed from 41 ×  to 
38 ×. These disadvantageous features change the resolu-
tion of the objective and hamper the calibration of the 
instrument. Furthermore, since the moving component is 
not free of axial chromatic aberration, its movement also 
hampers the chromatic correction of the objective lens. 
Although generally achromatic performance is main-
tained through the CG change, the exact axial chromatic 
aberration correction is significantly changed. In case A, 
the chromatic focal shift of the F-line and the d-line are 
well corrected, but it changes to the correction of the 
d-line and the C-line in case C. It is also notable that when 
the ray height increases, the strong positive lens may also 
introduce a large amount of higher-order spherical aberra-
tion. Therefore, this solution is also not applicable to high 
NA objectives.

To reduce the focal shift and control the chromatic 
change, a weak power moving component corrected for 
axial chromatic aberration is used in most of the modern 
CORR objectives. Concerning the moving track length, 
they can be further classified into two types. First, it is 
beneficial to realise wide-range CG correction by using 
long track movement. However, because of the limit of 
parfocal length, it is impossible to incorporate this feature 

to the objective with high NA, e.g. NA > 0.9 dry objectives 
and immersion systems, where the lens tube is usually 
filled with glasses. Therefore, the CORR objectives with 
NA > 0.9 for inverted microscopes have not been found. 
Second, the short track movement could realise small CG 
thickness deviation within the fabrication tolerance for 
high NA dry objectives, water immersion objectives and 
oil immersion TIRF objectives.

Figure 8 shows a plan-achromate 60 × /0.70 objective 
lens [18] having 0.7–1.7 mm CG CORR function, which was 
designed for an inverted microscope with long moving 
track. The moving cemented triplet has very weak optical 
power (f = − 534.31 mm) and utilises achromatic glass pair 
with anomalous dispersive material FPL53 (nd = 1.439, 
vd = 94.96) and ‘Middle Glasses’ LAL14 (nd = 1.697, 
vd = 55.53) and SK16 (nd = 1.620, vd = 60.29) to correct axial 
chromatic aberration. Because of the weak power, com-
pared with the 40 × /0.55 objective shown in Figure 6, for 
the large-range CG correction, the moving track should 
be extended. However, according to Figure  9, both the 
chromatic performance and focal position are better 
maintained.
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CG = 1 mm

CG = 2 mm

Figure 6: The 40 × /0.55 SF18 0–2 mm CG CORR objective using a 
moving component with strong optical power in the middle group. 
Although all the components in the moving doublet and the rear 
doublet are coloured with light orange, they are made of different 
types of flint glasses. (A) Without CG. (B) CG with 1-mm thickness. 
(C) CG with 2-mm thickness.
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Figure 7: Longitudinal aberration of the 40 × /0.55 objective shown 
in Figure 6. The shaded region indicates the DoF of the d-line. 
(A) Without CG. (B) CG with 1-mm thickness. (C) CG with 2-mm 
thickness.
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An example of the short track movement is given 
in Figure 10 with a plan-apochromate 40 × /1.20  water 

immersion objective with 0.11–0.18  mm CG CORR func-
tion [19]. The correction function could be understood 
as the movement of the weak power cemented triplet 
(f = − 88.50 mm), it could also be understood as the adjust-
ment of the air lens thickness between the triplet and the 
Gauss-type rear group. Although the optical track length 
of the objective is changed during the correction, the 
mechanical design for the moving component can be sim-
plified. According to Figure 11, both the chromatic perfor-
mance and focal position are maintained.

3.3   Utilisation of air lens effect

To further maintain the system performance during the 
correction and to adjust other environmental conditions, 
utilisation of air lens effect is the optimal solution. In 
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Figure 8: The 60 × /0.70 SF18 0.7–1.7 mm CG CORR objective using 
weak power moving component in the middle group with long 
moving track. (A) CG with 0.7-mm thickness. (B) CG with 1.2-mm 
thickness. (C) CG with 1.7-mm thickness.
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Figure 9: Longitudinal aberration of the 60 × /0.70 objective shown 
in Figure 8. The shaded region indicates the DoF of the d-line. (A) CG 
with 0.7-mm thickness. (B) CG with 1.2-mm thickness. (C) CG with 
1.7-mm thickness.
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Figure 10: The 40 × /1.20 W SF23 0.11–0.18 mm CG CORR objective 
using weak power moving component in the middle group with 
short moving track. (A) CG with 0.11-mm thickness. (B) CG with 
0.18-mm thickness.
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Figure 11: Longitudinal aberration of the 40 × /1.20 objective shown 
in Figure 10. The shaded region indicates the DoF of the d-line. (A) 
CG with 0.11-mm thickness. (B) CG with 0.18-mm thickness.
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state-of-the-art systems, e.g. the 63 × /1.20(1.30) multi-
immersion objective [20] in Figure 12, five air lenses are 
adjusted to correct the CG thickness from 0.15 to 0.19 mm, 
the temperature from 23°C to 37°C and the immersion 
liquid as water and glycerine. The objective used five air 
lens thicknesses, where the spherical aberration is most 
sensitive. During the CG correction from 0.15 to 0.19 mm, 
the component pair E2 and E4  should be moved toward 

opposite directions, as well as the component pair E5 and 
E6. In fact, the CORR function realised by multiple air 
lenses can also be understood as a zooming system with 
mechanical compensation, while the previously discussed 
CORR objectives with a single moving component corre-
spond to the zooming systems with optical compensation. 
According to Figure 13, owing to the mechanical compen-
sation, the focal position is nearly fixed, while the axial 
chromatic aberration and spherochromatism (SPHCRM) 
are also kept constant during the correction. However, the 
mechanical design for the moving components becomes 
tremendously complicated.

Comparing the applicable system parameter, cor-
rected performance and complexity of the objective 
mechanical design, the solutions to realise CORR function 
are summarised in Table 2.

4  Objectives with DOEs
The utilisation of DOEs in microscope objectives started 
in the 1990s. Designed for a single wavelength, from the 
geometrical point of view, DOEs have a similar function-
ality as that of aspheres in correcting optical systems. 
However, according to their working principle, they have 
completely different spectral behaviour in comparison 
with refractive optical elements. As opposed to the posi-
tive Abbe number of the optical glasses and plastics, 
DOEs have a negative value, e.g. the d-line Abbe number 

λ λ λ= − = −d d F C  /( ) 3.453.v  Therefore, they have great 
potential in correcting chromatic aberration, particularly 
in the spectrum where the choice of refractive transparent 
material is limited [21].

However, apart from the benefits in correcting mono-
chromatic and chromatic aberrations, the conventional 
single-layer DOEs, which is shown in Figure 14A, encoun-
ter critical problems in practical applications working 

E2 E4 E5 E6

CG = 0.15 mm CG = 0.19 mm

Figure 12: The 63 × /1.20 W (1.30 G) SF20 0.15–0.19 mm CG CORR 
objective using five air lenses.
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Figure 13: Longitudinal aberration of the 63 × /1.20 objective shown 
in Figure 12. The shaded region indicates the DoF of the d-line. (A) 
CG with 0.15-mm thickness. (B) CG with 0.19-mm thickness.

Table 2: Summary of the solutions for CORR objectives.

No.   Solutions   NA   CG range   Focus   Chromatic 
correction

  Mechanical 
complexity

1   Removable/replaceable element   Medium (<0.7)   Discontinuous   Fixed   Preserved   No change
2   Strong power moving group without 

chromatic correction
  Medium (<0.7)   Wide   Shifted   Violated   Simple

3   Weak power moving group with chromatic 
correction and long moving track

  Medium-high (<0.9)   Wide   Shifted within DoF   Preserved   Simple

4   Weak power moving group with chromatic 
correction and short moving track (air lens)

  High   Narrow   Shifted within DoF   Preserved   Simple

5   Multiple air lenses   High   Narrow   Fixed   Preserved 
(SPHCRM)

  Sophisticated

SPHCRM indicates the CORR function of spherochromatism.
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with wide spectral range. First, since the ideal blaze con-
dition is only valid for one incidence angle to generate 
the desired diffraction order for correction, the stray light 
introduced by the unwanted diffraction orders and finite 
incidence angle is unavoidable and must be controlled by 
selecting an appropriate position of the DOE in the optical 
system. Second, since the blaze condition is only valid 
for one wavelength, the wide spectral range results in 
the drop of diffraction efficiency, which is the most criti-
cal problem. The efficiency of a blazed DOE as a function 
of the wavelength is given as Equation (4) in the scalar 
approximation, where m is the diffraction order:

 

λ λ
η π π

λ λ

 −= ⋅ ⋅ ⋅ − ⋅ − 
2 0

0

( ) 1sinc
( ) 1m
np m
n

 (4)

In a typical microscope objective corrected for visible 
range from the g-line to the C-line, assuming the designed 
wavelength at the d-line, the diffraction efficiency typi-
cally drops down to 0.6 at the g-line, which significantly 
hampers the contrast of the image. To improve the effi-
ciency, separated-multilayer DOE, shown as Figure 14B, 
was invented in late 1990s [22–24]. By appropriately 
selecting the materials of the two components and calcu-
lating the different depths of the structure d, according to 
 Equation (5), the phase ϕ difference for two wavelengths 
can be a multiple of 2π, realising achromatisation:

 

π
ϕ λ λ λ λ

λ
= − + −1 1 g 2 2 g[ ( ) ( )] [ ( }.) ( )]2 {d n n d n n  (5)

Utilising additional layers, the achromatisation can even 
be achieved for four wavelengths covering the visible spec-
trum. However, the fabrication of the DOE components 

requires at least two moulds, and the alignment is critical, 
resulting in high cost. Therefore, as shown as Figure 14C, 
another approach with bonded-multilayer DOE with iden-
tical structure depth on the two components becomes the 
most realistic solution for DOE mass production [25, 26]. 
Under this circumstance, considering the DOE used for 
the F-line to the C-line, if the refractive indices of the two 
components fulfil the condition in Equation (6) [26, 27], 
achromatisation is achieved. The two materials should be 
selected with nearly matched index and different disper-
sion. Owing to the small difference of refractive indices, 
the depth of the diffractive structure can be enlarged, 
which is an advantage for the manufacturing process.
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The last but not least drawback of the DOE is the high 
requirement for fabrication accuracy, which results in 
high cost. The roughness, tolerance of the surface geom-
etry and non-sharp edges result in critical stray light. 
Because of these drawbacks, the single-layer DOE was 
only utilised in a limited number of microscope objec-
tives working quasi-monochromatically in DUV, e.g. 
193  nm [28, 29]. The separated-multilayer DOE was well 
developed by several Japanese manufacturers but has not 
been reported for high mass production. When it comes 
to the bonded-multilayer DOE, although it was also first 
reported in the 1990s, the mass production was not seen 
before 2010, because it was difficult to select optical mate-
rials, which are suitable for accurate fabrication with low 
cost and fulfil the achromatisation condition simultane-
ously. In 2008, Nikon reported two types of resins: type 
A (nd = 1.5569, vd = 50.2) and type B (nd = 1.5276, vd = 34.7) 
[30]. The UV-curable resin type A is first dripped onto a 
flat substrate and then pressed by a mould, on which the 
relief pattern is formed. Curing the resin and dripping the 
type B resin onto the moulded surface, the DOE is finally 
achieved by using another flat substrate pressing from 
the other side. With this simple process, it is feasible to 
produce DOEs with high accuracy and relatively low cost 
for mass production. In the recent decade, utilising these 
bonded-multilayer DOEs, Nikon patented various micro-
scope objectives with achromatic and apochromatic per-
formance corrected for visible range.

Most of the recently reported microscope objective (18 
entries out of 34 collected systems) utilised the DOEs for 
further extension of WD. According to Section 3 in Part II 

A B C

d d1 d2≠ d1 = d2

n1 n2ng n1 n2

Figure 14: DOE structures. (A) Single-layer DOE. (B) Separated-
multilayer DOE. (C) Bonded-multilayer DOE.
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and Section 2.2 in this paper, it is known that the chro-
matic aberration becomes more critical with decreasing 
retrofocus factor. Because of the enlarged ray height in 
the middle group, it is also more difficult to correct the 
spherical aberration. Owing to the special spectral behav-
ior and asphere-like functionality, the DOE is suitable for 
both corrections. To reduce the stray light introduced by 
finite incidence angle, the DOE should be placed in the 
middle group, where the aperture angles of all the fields 
are relatively small. Furthermore, to exclude the stray 
light from unwanted diffraction orders, it is better to 
place a strong negative group following the DOE [31]. To 
fulfil the first condition, because of the very weak optical 
power, the DOEs are usually placed at the same position 
as the moving component in the CORR objectives, corre-
sponding to the type (e)-(f) power distribution shown in 
table 2 of Part II. The second condition is naturally real-
ised in long WD systems with ‘PPN strong retrofocus’ 
power distribution.

Figure 15 shows two 50 × /0.55-long WD (k = 2.65) 
objectives with nearly identical geometry and equivalent 
glass selection. The system (A) only adds one bonded 
multi-layer DOE at the end of the middle group but 
reduces the chromatic focal shift as half of that in system 
(B) and improves the axial chromatic correction from 
class (b) fluorite level to class (c) apochromate level, 
which can be seen from the longitudinal aberrations in 
Figure 16.

Recently, the DOEs are also introduced into the 
systems with extremely high etendue as hybrid lenses. 
Similar to the functionality of asphere in lithographic 
projection lenses [8], the hybrid lens can significantly 
reduce the lens diameter and shorten the total track. Two 
Nikon 25 × /1.10 water immersion objectives are given in 
Figure 17, achieving nearly identical etendue; the system 
with hybrid lens saves one lens in the front group and 

two lenses in the middle group but doubles the WD. 
These advantageous features benefit from the relaxed 
correction of spherical aberration and axial chromatic 
aberration owing to the 7.57% reduced marginal ray 
height in the middle group. Furthermore, because of 
the fewer number of components, the total track of the 
system decreases 18.46%. Therefore, the hybrid objec-
tive can fit into the standardised 60-mm parfocal length.

5   System synthesis
Through the three connected papers, the building blocks 
and design principles utilised in most of the modern 
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Figure 15: (A) 50 × /0.55 LD SF25 objective with DOE [32]. (B) 
50 × /0.55 LD SF25 objective without DOE [33].
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Figure 16: Longitudinal aberration of the 50 × /0.55 objectives 
shown in Figure 15. The shaded region indicates the DoF of the 
d-line. (A) With DOE. (B) Without DOE.
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Figure 17: Functionality of hybrid lens in reducing the system length 
and diameter. (A) 25 × /1.10 W SF25 objective with hybrid lens [34]. 
(B) 25 × /1.10 W SF22 objective without DOE [35].
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microscope objectives have been systematically sorted 
and analysed. Three major aspects of impacts determine 
the lens module selection, including aberration cor-
rection, application requests and the consideration of 
manufacturing and technology. As a reverse process, the 
workflow of the system synthesis is shown in Figure 18, 
in which the utilised lens modules also originate from the 
three claimed aspects.

The design of the microscope objective is mostly 
application oriented. Based on table 2 of Part I, the system 
parameters are determined with fixed correction level 
of chromatic aberration and field aberration. Accord-
ing to these parameters, several lens modules can be 
directly fixed, and the corresponding manufacturing and 
technology also set certain boundary conditions and pre-
determine some lens modules. As the major aspect of con-
sideration, regarding the system parameters, the optical 
power distribution should be carefully selected out of 
table 2 of Part II. Then, synthesising the lens modules 
from the front, middle and rear groups, the new objective 
structure can be achieved and checked with the boundary 
conditions given by the manufacturing and technology 
considerations.

In this section, example I illustrates the process of 
system modification for a new application request. When 
the application is slightly changed, without disturbing the 
basic structure of the objective lens by keeping the optical 
power distribution, several lens modules belonging to 
front, middle and rear groups are introduced locally into 
the system to match the new system parameters.

Example II illustrates the process of system synthesis 
from the basic lens modules. The optical power distribution 

is first fixed, and the lens modules are inserted step by 
step to gradually match the required system parameters.

5.1   Modification of available system for new 
application

A patented 40 × /0.85 SF26.5 plan-apochromate objective 
[36] is considered as the initial system. The 45-mm parfocal 
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Figure 18: Workflow of the microscope objective synthesis.
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Figure 19: Objective structures and material change during 
modification. (A) Initial 40 × /0.85 objective with g-line to C-line 
correction. The surface curvatures are slightly adjusted to 
incorporate the extended spectrum. (B) Step I 40 × /0.85 objective 
with i-line to t-line correction. (C) Step II 40 × /0.95 objective with 
i-line to t-line correction.
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system is corrected for the infinite conjugate with 180-mm 
tube lens focal length. The system structure (with slightly 
adjusted surface curvature) is shown in Figure 19A, with 
its longitudinal aberration shown in Figure 20A1. The new 
system parameters of the two-step system modification w 
Table 3. To keep most of the manufacturing and techno-
logy considerations identical, in the modified systems, 
the parfocal length, tube lens and intermediate image size 
should remain the same, and the optical power distribu-
tion and basic objective structure cannot be changed. The 
pupil position is fixed to realise telecentric object space.

In the first step, the working spectrum of the initial 
system, which was corrected for general fluorescence 
microscopy, should be extended from g-C to i-t, cover-
ing the spectral range from near ultraviolet (NUV) to near 
infrared (NIR) for multiphoton microscopy. In the second 
step, to improve the resolution for more efficient excita-
tion, the NA should be enlarged to 0.95. In the modified 
systems, correction of the Petzval curvature should be 

maintained, and the other field aberrations could be cor-
rected by utilising a certain amount of vignetting.

Before applying the new lens modules in the two steps, 
the surface curvatures were slightly adjusted to incorpo-
rate the correction of the i-line and t-line. However, as 
shown in Figure 20A2 and Figure 21A, although the t-line 
correction is acceptable, the NUV i-line is out of control 
and the field correction of the g-line is hampered.

In the first step, to keep the ‘P(PN)0’ type (d) optical 
power distribution, two lens modules are utilised locally in 
the front and middle groups. To reduce the axial chromatic 
aberration, which results from the extended working spec-
trum, and further restrains the spherical aberration, applying 
the front group lens module no. 6, the ‘Middle Glass’ S-YGH51 
(nd = 1.755, vd = 52.32) is used instead of the LAK31 (nd = 1.697, 
vd = 56.42) in the re-optimised front quasi-aplanatic meniscus 
lens due to its higher refractive index and low dispersion. 
The material also has low autofluorescence, which is suit-
able for high-contrast fluorescence imaging. Furthermore, 
applying middle group lens module no. 1 and no. 2, materials 
of the two negative components in the cemented triplet in the 
middle group are changed from BPM4 (nd = 1.613, vd = 43.84, 
Pig = 1.3229, PCt = 0.7875) to N-KZFS4 (nd = 1.613, vd = 44.49, 
Pig = 1.3015, PCt = 0.7933) to achieve better chromatic correc-
tion for the UV and IR range. The surface curvatures of the 
second cemented doublets and the triplet are re-optimised, 
then creating the longitudinal aberration shown in Figure 
20B and RMS wavefront error shown in Figure 21B. Keeping 
identical the first cemented doublet and the rear lens as the 
initial system, apochromatic correction is achieved from the 
i-line to the t-line, and the field performance is also corrected 
as diffraction limited except the i-line.

In the second step, because of the enlarged NA, a 
single quasi-aplanatic lens is not sufficient to collect the 
high NA. Combining the lens module no. 3 and no. 6 of 
the front group, a GFK70 (nd = 1.569, vd = 68.37) aplanatic 
shell lens is inserted behind the front lens. Furthermore, 
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Figure 20: Longitudinal aberration of the initial system and 
modified systems. The shaded region indicates the DoF of the d-line. 
(A1) Initial system with g-line to C-line apochromatic correction. (A2) 
Initial system with slightly adjusted surface curvatures. (B) Step I 
modified system with i-line to t-line apochromatic correction. (C) 
Step II modified system with i-line to t-line apochromatic correction 
and enlarged NA = 0.95.

Table 3: Applications and system parameters of the two-step 
modification.

Parameters   Initial   Step I   Step II

Application   Fluo-   Multiphoton   Multiphoton
Magnification   40 ×   40 ×   40 ×
NA   0.85   0.85   0.95
Spectral range   g-C   i-t   i-t
Colour correction  Apo-Class (c)   Apo-Class (g)   Apo-Class (g)
Field correction   Plan-Class (4)   Plan-Class (4)   Plan-Class (4)

Before the step I, the surface curvatures of the initial system are 
first slightly adjusted to incorporate the extended spectrum. ‘Fluo-’ 
indicates general fluorescence microscopy.



Y. Zhang and H. Gross: Systematic design of microscope objectives. Part III      397

to smoothen the ray path and efficiently collect the high 
NA, by adopting the lens module no. 5 of the middle 
group, the shape of the first cemented doublet is changed 
from bi-convex to meniscus. However, this feature slightly 
hampers the correction of spherochromatism and axial 
chromatic aberration. To correct the chromatic aberration 
and control the zonal error, the second cemented doublet 
is changed to a cemented triplet (middle group lens 
module no. 7), which is composed with weak apochro-
matic cement on the one side (S-FPL53 + N-KZFS11) and 
strong Merte cement (N-KZFS11 + S-FPL51) on the other. 
Consequently, according to Figure 20C, the axial chro-
matic aberration over the wide spectrum, the spherical 
aberration including zonal error and the spherochroma-
tism are well corrected for the high NA. However, since we 
are keeping the single cemented meniscus lens as the rear 
group, although the field curvature could be corrected, it 
is hard to control the coma induced by the high NA, result-
ing in the tremendously increased wavefront error at the 
boundary field, which could be seen from Figure 21C.

5.2   Synthesis of new structure from basic 
lens modules

In the second example, the basic lens modules should be 
used to synthesise a plan-apochromate 40 × /1.20 SF20 oil 
immersion objective with class (c) chromatic correction 
and class (4) field correction. The system should be cor-
rected for infinity conjugate with 200-mm tube lens, and 
the parfocal length is fixed as 45 mm. To gradually change 
the system structure for clear illustration, we set five inter-
mediate steps, which are listed in Table 4. In the synthesis 
process, the pupil position is always fixed to realise the 
telecentric object space. Both the spot-radius-based and 
wavefront-error-based merit functions are used during the 
synthesis process. Constraints of the element thickness 
and air spacing are given to assure manufacturability. 
Certain requirements of longitudinal aberration are also 
set in the merit function to realise improved zonal spheri-
cal aberration and spherochromatism correction.
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Figure 21: RMS wavefront error of the initial system and modified 
systems. The dashed line shows the 0.0714 λ diffraction limit given 
by the Marechal criterion. (A) Initial system with slightly adjusted 
surface curvatures, corresponding to (A2) in Figure 20. (B) Step I 
modified system with i-line to t-line apochromatic correction. (C) 
Step II modified system with i-line to t-line apochromatic correction 
and enlarged NA = 0.95.

Table 4: System parameters of the 40 ×/1.20 SF20 oil immersion objective with five intermediate steps.

Parameters   STEP I   STEP II   STEP III   STEP IV   STEP V   Final goal

Magnification   10 ×   40 ×   40 ×   40 ×   40 ×   40 ×
NA   0.25   0.60   0.85   0.85   0.85   1.20 (oil)
Spectral range   F-C   F-C   F-C   g-C   g-C   g-C
Colour correction  Ach-Class (a)   Ach-Class (a)   Ach-Class (a)   Fluor-Class (b)   Apo-Class (c)   Apo-Class (c)
Field correction   -Class (1)   -Class (1)   -Class (1)   Plan-Class (5)   Plan-Class (5)   Plan-Class (4)
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Figure 22: Full process of the 40 × /1.20 SF20 oil immersion objective synthesis. (A) Step I 10 × /0.25 achromate objective. (B) Step 
II 40 × /0.60 achromate objective. (C) Step III 40 × /0.85 achromate objective. (D) Step IV 40 × /0.85 plan-fluorite objective. (E) Step V 
40 × /0.85 plan-apochromate CORR objective. (F) Final design 40 × /1.20 plan-apochromate objective.
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A simple Petzval structure is calculated to realise 
the low NA achromate step I system, which is shown in 
Figure 22A, with its longitudinal aberration in Figure 23A 
and RMS wavefront error in Figure 24A. A simple crown 
glass K5 (nd = 1.522, vd = 59.48) and a flint glass F2 (nd = 1.620, 
vd = 36.37) are utilised to form the two positive cemented 
doublets for axial chromatic aberration. The aperture stop 
is placed at the back focal plane, achieving the telecentric 
object space. The small NA, curved image and secondary 
spectrum are the most critical residual problems.

In the second step, the NA is first enlarged by apply-
ing front group lens module no. 1, no. 4 and no. 5. An 
Amici lens with curved front surface is used as the front 
lens of the system in Figure 22B, which is made of the Lan-
thanum dense flint N-LASF31A (nd = 1.883, vd = 40.76) glass 
with high refractive index and medium dispersion. Owing 
to its high index, the NA is effectively enlarged to 0.60, and 
the magnification is adapted to 40 ×. Taking advantage of 
lens module no. 4, the field curvature of the step II system 
is not critical. However, the residual secondary spectrum 
and lateral colour significantly hamper the chromatic per-
formance of the system.

In the third step, the NA is further enlarged to 0.85. To 
control the induced chromatic aberration and restrain the 
spherical aberration, aplanatic shell lens made of N-PK51 
(nd = 1.529, vd = 76.98) is inserted behind the front lens, 
and the shape of the first cemented doublet is changed to 
meniscus, corresponding to the front group lens module 
no. 3, no. 6 and middle group lens module no. 5, respec-
tively. According to the Figures 23C and 24C, although the 
axial chromatic aberration is achromatic corrected for 
the F-line to the C-line, the residual spherical aberration 
is large. Furthermore, because of the high NA, the simple 
‘two-group’ structure cannot control the coma and astig-
matism. As a consequence, the full field performance is 
far away from being diffraction limited.

Therefore, generating the ‘clear three-group’ structure is 
necessary to further improve the chromatic correction and 
field correction. Concerning the medium magnification and 
high NA, we select the type (c) ‘P(PN)0’ optical power dis-
tribution. Corresponding to the rear group lens module no. 
1 and no. 6, a thick meniscus lens made of dense flint glass 
SF5 (nd = 1.673, vd = 32.21) is used as the rear group, which sig-
nificantly compensates the field curvature and lateral colour. 
Furthermore, to correct the high NA spherical aberration 
including the zonal error and control the secondary spec-
trum, the simple achromatic class pair K5 + F2 is changed 
to Merte cementing with anomalous dispersive material 
N-KZFS4 + N-PK51 (middle group lens module no. 2 and no. 
3). Consequently, according to Figures 23D and 24D, Fluorite-
level axial chromatic aberration correction is achieved, but 

the system suffers from large spherochromatism. The single 
rear lens cannot fully correct the residual coma; thus, the 
performance of the boundary field is not diffraction limited.

In the fifth step, the axial chromatic correction is 
further improved by inserting one more cemented doublet 
into the middle group and changing the N-PK51 glasses to 
more anomalous dispersive material FPL53  with strongly 
curved cementing surface (middle group lens module 
no. 2). Furthermore, Gauss-type rear group is utilised with 
its front part cemented by N-PK51 and SF5 (rear group lens 
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Figure 23: Longitudinal aberration of the final design and 
synthesised intermediate systems. The shaded region indicates the 
DoF of the d-line. (A) Step I 10 × /0.25 achromate objective. (B) Step 
II 40 × /0.60 achromate objective. (C) Step III 40 × /0.85 achromate 
objective. (D) Step IV 40 × /0.85 plan-fluorite objective. (E) Step 
V 40 × /0.85 plan-apochromate CORR objective. (F) Final design 
40 × /1.20 plan-apochromate objective.
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module no. 2 and no. 7), which also significantly contrib-
utes to the correction of axial chromatic aberration and 
spherical aberration due to the large marginal ray height. 
To realise the 0.11–0.19 mm CG CORR function, the type (e) 
‘P(P0)N’ optical power distribution is selected and the third 
cemented doublet with weak optical power is utilised as 
the moving component. Thereby, as shown in Figures 23E 
and 24E, the apochromatic-corrected axial chromatic aber-
ration is achieved with well-corrected spherical aberration. 
The full field performance is nearly diffraction limited.

To reach the final goal of oil immersion (type A oil) 
objective, regarding the front group lens module no. 8, 
the embedded front lens with index-matched material 

should be used instead of the single quasi-aplanatic 
thick meniscus lens. Therefore, the N-K5 plano-convex 
small lens is embedded to the N-LASF31A meniscus 
lens. Furthermore, to control the higher-order spheri-
cal aberration to correct zonal spherical aberration, 
glass pairs of the second and third cemented doublets 
in the middle group are changed to Merte cementing 
with N-PK51 + N-KZFS11 (middle group lens module no. 
3). When it comes to the rear part, separated Petzval-
type rear group is used instead of the quasi-symmetric 
Gauss type (rear group lens module no.  3). The second 
and third lenses are still made of dense flint glass SF5 
for lateral colour correction. However, the first meniscus 
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Figure 24: RMS wavefront error of the final design and synthesised intermediate systems. The dashed line shows the 0.0714 λ diffraction 
limit given by the Marechal criterion. (A) Step I 10 × /0.25 achromate objective. (B) Step II 40 × /0.60 achromate objective. (C) Step III 
40 × /0.85 achromate objective. (D) Step IV 40 × /0.85 plan-fluorite objective. (E) Step V 40 × /0.85 plan-apochromate CORR objective.  
(F) Final design 40 × /1.20 plan-apochromate objective.
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lens selects anomalous dispersive material N-KZFS4 and 
forms a reverse-bent structure, which could be used to 
adjust the higher-order spherical aberration and sphero-
chromatism with its air lens effect. As the final result 
shown in Figures 23F and 24F, the axial chromatic aberra-
tion from the g-line to the C-line is apochromatic corrected 
with well-controlled zonal error and spherochromatism. 
However, it is notable that due to the enlarged NA, it is 
increasingly difficult to correct the coma; therefore, 20% 
vignetting is introduced to the boundary field to achieve 
the nearly diffraction-limited field correction.

6   Conclusion
Three important topics about the design principles of 
modern microscope objectives, which were excluded from 
Part II, are discussed in this paper. Utilising the special 
optical power distribution as ‘PNP’ and ‘PPN strong ret-
rofocus’ with additional rear group, the Zone 5 and Zone 
6  systems realise very low magnification and very high 
magnification, respectively. Compared with the Zones 
1–4  systems, the application requests and standardised 
system manufacturing impact more significantly on 
these two zones. The limited parfocal length and object 
space telecentricity fix the common structure of the Zone 
5  systems, while the high magnification and long WD 
determine the design of the Zone 6 objectives.

To realise the CORR function, generally three solu-
tions are used in the historical development, which could 
be further classified into five types. Except for the most tra-
ditional method using a removable/replaceable element, 
the other approaches can be understood as a zooming 
system with optical compensation or mechanical compen-
sation. Therefore, with respect to the invariance of focal 
position and chromatic correction together with mechani-
cal complexity, the moving track length, the optical power 
and the material selection of the moving group should be 
carefully considered. Air lens effect can also be applied for 
fine adjustment.

Development of the microscope objectives with DOE 
significantly depends on the technology of the DOE pro-
duction. The conventional single-layer DOE can only be 
used in the quasi-monochromatic applications. Recently, 
the index-matched bonded-multilayer DOE was devel-
oped, which has excellent broadband diffraction effi-
ciency and low cost in mass production. It has been 
applied to various typical Zones 1–4 objectives, particu-
larly for long WD objectives. In the systems with extremely 
high NA, apart from the superb potential for colour 

correction, it shows a similar functionality as asphere for 
system volume control.

Utilising the building blocks of modern microscope 
objectives, which are summarised in Part II, as a reverse 
process, two examples are given in this paper with differ-
ent considerations of system synthesis. First, as typical 
system modification for new applications, the lens 
modules can be inserted locally to the available system by 
keeping the basic structure and optical power distribution 
for invariant manufacturing and technology considera-
tions. Second, synthesising the basic lens modules, it is 
feasible to generate arbitrary new structures for arbitrary 
applications.

As a conclusion of these three connected papers, 
based on the large microscope objective database, which 
is collected from patents over 100 years, the lens modules 
and design principles used in the modern microscope 
objectives are well sorted and systematically analysed. By 
utilising the lens modules, systematic synthesis of new 
objective structure for new applications is realistic. Nev-
ertheless, although some impacts of some manufacturing 
and technology requests have been introduced, system-
atic analysis of sensitivity and tolerance of lens modules is 
not involved in our work. In future work, for one thing, the 
lens modules can be connected more closely to the practi-
cal manufacturing process with the analysis of their sensi-
tivity behaviour associated with mechanical structure. For 
another, the lens modules can be described more quanti-
tatively. Thereby, they could be utilised with more general 
global synthesis algorithm for the automatic design aided 
by artificial intelligence.
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