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ABSTRACT 
 
We present an innovative method Optical Diffraction Microscopy (ODM). for the simultaneous measurement of specular 
and non-specular diffraction patterns of sub-micron periodic structures. A sample is illuminated with broadband light and 
the diffraction pattern is collected by using a pair of ellipsoidal mirrors, optical fibers and a spectrometer. This method 
allows for rapid measurements and makes used of the Rigorous Coupled Wave algorithm for data analysis. In the present 
work the method has been applied to binary and multi-layer sub-micron gratings. A series of binary gratings with periods 
of 318 nm and 360 nm with different exposure levels of the photoresist were investigated. We succeded in characterize 
underexposed, ideally exposed and overexposed photoresist grating profiles. The measurements are well-suited to 
determine the delivered exposure energy density to photoresist gratings. The ODM technique may thus be applied to 
specify the exposure window and as a feedback in order to adjust the exposure energy density on-line. The homogeneity 
of a grating on multi-layered substrate has been investigated. Heights and duty cycles ranging from 50 nm to 55 nm and 
0.25 to 0.97, respectively, have been found.  AFM measurements of the gratings verify the ODM results and demonstrate 
that the ODM technique can be used to determine grating topology. 
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1. INTRODUCTION 
Traditional techniques based on scalar diffraction have been used to assess the topography of surfaces from the 
diffraction patterns. However, scalar diffraction theory, especially in the paraxial approximation, has limited feature size 
resolution1,2. The work by Pommet et al showed that the period to wavelength ratio should be approximately 15 to 
resolve one-dimensional lamellar dielectric gratings. Korner et al3 used scalar analysis to study the interferograms of 
lamellar and trapezoidal one-dimensional gratings and found that the ratio could be extended down to 10. Scatterometry 
is a recent optical technique that is capable of measuring sub-micron gratings. Measurements are performed in a specular 
configuration at a fixed incident angle for a range of wavelengths. The measuring geometry makes it difficult to detect 
the asymmetry of the grating profile. Additionally the bottom of the cross-sectional grating profile is difficult to measure 
accurately due to screening effects. 
 
We present an ODM system that overcomes these shortcomings4. The system reconstructs the profile of asymmetric 
gratings from a single measurement at minimal computational burden. The experimental setup records the diffracted 
wavelength spectrum and diffracted angles simultaneously for a given incident angle and polarization mode. The recover 
of the grating profile from the measured diffraction data is performed using an inversion algorithm based on the 
Rigorous Coupled Wave (RCW) method and pre-calculated diffraction intensities. 
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The capability of the ODM technique is demonstrated by performing measurements on two types of gratings. The 
examples will show that the ODM is capable of: 
 

• Achieving accurate quantitative values such as height, duty cycle and effective duty cycle of 
grating profiles 

• Detecting exposure level variations in printing gratings, which leads to complete or non-
complete removal of resist between the grating lines 

• Grating homogeneity measurement on multi-layered grating structure 
 
The first type of gratings is manufactured using near-field holography (NFH) printing technique where exposure 
densities ranging from underexposed to overexposed levels have been applied. The second type is a multi-layer 
diffraction (MLD) grating structure comprising alternating layers of Ta2O5 and SiO2 deposited by ion plating where the 
outer Ta2O5 layer is being corrugated. 
 
The ODM measurements are verified with Atomic Force Microscopy (AFM) measurements through quantitative 
comparisons of the grating profile parameters. 
 
 

2. OPTICAL DIFFRACTION MICROSCOPE 
 
Optical interaction with periodic structures is well-known to generate diffraction patterns that are strongly dependent on 
the geometry and material properties of the repeating profile of the structure. 
This unique relation between the diffraction pattern and the repeated structure is applied to reconstruct the arbitrary 
cross-sectional profile from quantities including angle of incidence, polarization mode, wavelength and diffraction 
efficiency. An illustrative implication of the property of diffracted light from periodic structures is that symmetric 
profiles generate equal magnitude of conjugated diffraction efficiencies of negative and positive orders for normal 
incident illumination while asymmetric structures have unequal magnitude of conjugated negative and positive 
efficiencies. 
 

2.1. The principle of the Optical Diffraction Microscopy 
 
The ODM apparatus4 for measuring transmission diffraction efficiency is sketched in Figure 1. The sample is illuminated 
by a broad continuous light spectrum provided by a deuterium-halogen lamp. The light is shaped by a collimator, 
polarizer and aperture before entering the sample at normal incidence.  
The diffracted beams are collected by a reflector-based system that focuses the light, without chromatic aberrations, into 
two fibers. The reflector-based system consists of an ellipsoidal mirror divided into two counterparts and tilted such that 
their focal points are spatially separated and thereby enables simultaneous collection of both the negative (-) and the 
positive (+) diffracted orders into fibers situated at the focal points. The transmitted zero-order beam propagates between 
the mirror counterparts and is collected by a third fiber (0). The range of collected diffraction angles by the mirrors is 
from 2° to 88°. The diffraction intensity are via fibers and an optical switch box detected by a spectrometer.  
 
The zero-order diffraction efficiency 0η  may be obtained by normalization of the measured diffracted intensity with the 
intensity of the direct light entering fiber 0. A representation of the high-order diffraction signals is achieved by 
introducing the ratio between the positive and negative diffraction intensities.  
The measured zero-order diffraction efficiency 0η  is found as the ratio between the grating signal gratingI  subtracted the 

background signal  and the reference signal backgroundI refI  subtracted the same background signal, i.e. 
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Similarly the measured ratio between positive and negative diffraction orders is determined by following expression 
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The ODM reconstruction of the grating profile is based on the recorded zero-order diffraction efficiency spectrum 

{ }1 20 0 0 0( ), ( ), ..., ( )nη η ηλ λ λ=η  and high-order efficiency ratio spectra { }1 2( ), ( ), ..., ( )ratio ratio ratio ratio nη η ηλ λ λ=η .  
 

 
 

Figure 1:  Schematic of the ODM setup 
in transmission mode. 

 
 

Figure 2: The diffractive efficiencies generated from a 
grating are calculated from a multi-level approximation 
of the profile by slabs of width wqi, height hqi and 
displacement xqi. 

 

 

2.2. Analysis 
 
Using the measured and normalized diffraction intensities together with a seed profile, an algorithm analyses the data in 
the following manner5. A database of seed profiles is accessed and searched for a match to the measured data. The 
database consists of normalized diffraction intensities for series of profiles that are calculated using the Fourier modal 
method6,7, 8. 
An arbitrary profile of the repeated structure, sketched in Figure 2, is approximated by descretization into multi-level 
slabs. Slab i  is composed of building blocks labeled with a lateral and vertical index  and characterized by its 

width , offset 

( , )q i

qiw qix  in the lateral direction, height  and index of refraction . In addition to the geometrical and 
material quantities the model calculation requires the electromagnetic parameters of the incoming light represented by 
plane waves: wavelength 

ih qin

λ , polarization mode, and the direction of propagation given by the incident angle  and 
azimuth angle

θ
φ . 



 
Each seed model is parameterized such that the geometrical shape of the cross-sectional profile along the repeated 
direction x is represented by a continuous profile function  with the adjustable parameters contained in the vector 

. An example of a profile function is the symmetrical trapezoidal profile characterized by the parameters, 

profile height , profile width , profile side wall angle  and period  in the repeated direction x.  
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We have implemented a wide range of photoresist and etch profiles including symmetrical and asymmetrical trapezoidal 
as well as stacked symmetrical and asymmetrical trapezoidal. The database applied to identify the optimal lookup table 
in the reconstruction consists of modeled data arrays for various profiles. Each data array represents tabulated diffraction 
efficiencies and ratio between diffraction efficiencies η  of carefully pre-defined values of wavelength, angle of 
incidence and polarization mode. 
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The searching technique used to select the seed model in the database is based on the least-square error approach by 
minimizing the total sum of squares of the difference between the measured and modeled efficiencies of the seed model.  

We use the reduced chi-squared 2χ  as measure for the goodness of the match. The reduced 2χ is expressed as 
2
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where N is the number of measured efficiency data points and  represents the pre-defined values of  
incident angle , wavelength 

{ , , ...}i i iθ λΩ =
θ λ , polarization mode, etc.  

We have merged the spectra of the zero-order diffraction efficiency and high-order efficiency ratio into a single vector, 
i.e. for measured data [ ]0 , ratiof=η η η  and modeled 0 ,theory theory theory

ratiof=   η η η . The factor f is applied to adjust the data 

vectors  and  to have equal 0η ratioη 2χ -weight. 

Similar the standard uncertainty, that is required to obtain the reduced 2χ , is written as [ ]0 , ratio= σσ σ   where σ  and 

 are the standard uncertainty vectors for zero-order diffraction efficiency data points and high-order efficiency ratio 
data points, respectively. 

0
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The standard uncertainty vector  is determined by use of the propagation of error formula applied to the expressions of  
 and  which depends on the photon count value of the measured intensities 

σ

0η ratioη ,  and grating ref backgrI I I . Furthermore the 
intensities are assumed to be measured with Poisson distribution such that the variance is equal to the value of the 
quantities.  
 

The optimal   is selected as the model having minimum reduced theoryη 2χ , 2min
theory database

χ
∈η

. 

The found model is accepted if following criteria are fulfilled 

• The reduced 2χ  value is within the specified confidence levels predicted by the 2χ -distribution 
• The parameters are linear independent4 

 

3. SAMPLES 

3.1. Binary Photoresist gratings 
 
The, photoresist grating on glass, samples were manufactured using near-field (NFH) printing technique. The principle 
of the NFH technique is the use of a phase mask capable of diffracting an incoming light beam into two transmitted 
beams of different orders (0th and –1st) and equal magnitude. Interference between these beams creates an intensity 



pattern with a period equal to the period of the phase mask9. The generated intensity pattern is exposed to the photoresist 
that is subsequently developed leaving a resist grating mask. 
The NFH-printing was conducted using a modified mask aligner, MA4, from SUSS equipped with a traditional mercury 
arc lamp, collimating lenses, 365 nm narrow band filter, and phase mask of 318 nm (or 360 nm) period10. The light was 
incident on the phase mask at the Bragg angle of 35.0° (or 30.5°).  
The presence of the substrate below the phase mask induces additional interference patterns in the photoresist created by 
superposition of the reflected light from the substrate and the diffracted light. These patterns have other periods than the 
intensity pattern originated from interference between the non-reflective beams and hence degrade the quality of the 
printing quality of the grating. A solution to this particular problem is applying top anti-reflective coating (TARC) for 
additional minimization of reflections. The materials applied in this work were a positive photoresist, AZ1518, and a 
TARC, Aquatar, both from Clariant, and glass substrates AF45 of thickness 0.70 mm from Scott.  
Figure 3 shows the calculated reflectance from a TARC-resist-glass layered structure. The optimal layer thickness is 
approximately 165 nm resist and 68 nm TARC resulting in reflections less than 0.5%. The optimal layer thickness was 
experimentally confirmed. 
Six glass substrates were spun with AZ1518 photoresist followed by annealing at 90°C for 30 min in nitrogen 
atmosphere and afterwards spun with TARC Aquatar. 
The samples were exposed to different energy density levels and subsequently developed. The period of the NFH phase 
masks and applied energy densities are summarized in Table 2 

 

 
Figure 3:  Contour plot showing the calculated reflectance of the TARC-photoresist-glass layered structure as function of 
layer thicknesses using illumination at 365 nm at an illumination angle of 35.0° (optimum for the 360 nm grating NFH-
printing). The absolute reflection levels are indicated in the plot. 

 

3.1.1. Simplified Resist Grating Model 
 
A simple model for recording grating pattern in thin photoresist layer assumes, that the thickness of the photoresist 
remaining after development, is given by the delivered exposure energy density. For positive photoresist increased 
exposures leads to thinner photoresist layers. 
We have assumed an analytical function describing the photoresist thickness as function of delivered energy density 
where the remaining thickness of photoresist normalized to the initial thickness is expressed by 
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W is the exposure energy density normalized to the minimum required energy density for complete removal of 
photoresist, i.e. ‘dose-to-clear’ is obtained for W =1. The curve is denoted the characteristic curve and the parameter γ , 
that is the absolute slope of the characteristic curve at dose-to-clear W=1, is called the contrast constant11.  Figure 4 
shows examples of the modeled characteristic curve.  The contrast constant γ  is used as a fitting parameter.   
 



 
Figure 4:  Plot of the characteristic curves applied in the modeling for various contrast constants γ .  

 
 
The delivered exposure energy density in the photoresist layer in a typical NFH-printing is sinusoidal along the repeated 
direction x with period . This is expressed as  Λ
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where W  is the exposure energy density delivered to the NFH phase mask. 0

Substitution of the sinusoidal energy density pattern into the expression for the characteristic curve C W results in an 
analytical profile function of the NFH-printed photoresist,  
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where the profile parameter 0 0( , , )h W γ=α contains the process parameters, delivered exposure energy density W , 

contrast constant 
0

γ  and initial (pre-exposure) layer thickness of photoresist . 0h
 
Figure 5 shows examples of modeled photoresist profiles for different exposure levels. 

 

 
Figure 5: Plot of cross-sectional photoresist profiles generated by the herein simple analytical model for various 
exposure energy densities W0. Following values were used for the calculation: initial resist layer thickness h0 = 165 
nm, the period of the modulated exposure light Λ = 360 nm and the contrast constant of the resist γ = 0.91. 

 
 
However, it is useful to recast the profile parameters into geometrical quantities including height, bottom width and 
effective duty cycle. The quantities are defined below for two cases. The first case describes profile shapes having 
regions with complete removal of photoresist, i.e. the exposure level have exceeded  W .  In the other case, W , a 

sinusoidal photoresist profile is formed without regions of complete photoresist removal. We obtain the following 
expression: 

0 1> 0 1<
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Profile height 
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0
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This photoresist model is applied in the ODM analysis and uses a lookup table generated from the initial layer thickness 
of resist h  and delivered exposure energy density W . The contrast constant 0 0

γ  used herein was found by searching for 
best least-square fit between measured ODM data and modeled ODM data for all the gratings simultaneously. The best 
result was a contrast constant at γ =0.91. 
 

3.2. Multi-layer sub-micron gratings 
 
A single multi-layer surface relief reflection grating has been investigated. The grating is of the resonant type12 
consisting of a dielectric mirror (alternating Ta2O5-SiO2 quarter-wave layers) and a corrugated surface. The grating of 
period 560 nm was printed by recording a 442 nm interferogram into a thin photoresist layer spin-coated onto the multi-
layer. The photoresist grating pattern was then physically transferred into the last Ta2O5 layer by inductively coupled 
plasma reactive ion etching (ICP-RIE). See Table 1 for details. Such resonant grating was shown to give rise to more 
than 99% diffraction efficiency for the –1st order due to the fulfillment of the leaky mode resonance condition in the 
mirrored corrugated dielectric slab13. Figure 6 shows the eleven measurement regions, which have been investigated 
using AFM and ODM. 
  

 

Fab3 
Thickness Layer number Material [nm] 

20 Ta2O5 70 
19 SiO2 152 
18 Ta2O5 131 
17 SiO2 223 
16 Ta2O5 131 
15 SiO2 223 
14 Ta2O5 131 
ª ª ª 
5 SiO2 223 
4 Ta2O5 131 
3 SiO2 223 
2 Ta2O5 131 
1 S Oi 2 223  

 

1 2 3 

4 5

9

6

10 

7 8 

11 

 

Table 1:  Deposited homogeneous layers on a quartz substrate. 
Layer number 20 is the corrugated layer at the air side. 

Figure 6: Locations of measured point on sample Fab3. 

 



 

4. RESULTS 

4.1. Experimental Setup 
 
The ODM measurements were conducted for normal incidence with a beam diameter of 0.20 mm. The data analysis is 
based on the transmitted zero-order diffraction efficiency since the measured high-order diffraction ratio spectrum 
showed that the structure were symmetrical. In the reconstruction of the grating profiles the period Λ of all samples was 
known and therefore not assessed by the ODM analysis. 

4.2. Binary Photoresist grating 
 
The profile of the developed resist grating was investigated using ODM and Atomic Force Microscopy (AFM). The 
ODM measurements were carried out using TM polarization. 
The results of the measurements on the photoresist gratings are summarized in Table 2 and Table 3. It is seen that there is 
a good agreement between ODM and AFM height measurements and that the duty cycle and bottom width found by  
AFM is systematically higher than the corresponding ODM measurements. This is clearly seen by comparison of the 
ODM and AFM measured profiles shown in Figure 7 and Figure 8. The discrepancy between the AFM and ODM duty  
cycle (and bottom width) results is likely to arise from the convolution of the AFM stylus shape into the profile of the 
grating. 
Figure 7 shows a plot of the modeled and measured ODM efficiency data demonstrating a very good fit, which also is 

confirmed by the value of the reduced 2χ .  Figure 8 shows an image of the photoresist grating S3 measured by AFM. 
 
 
 
 

Experimental parameters Measured ODM quantities 
Period Λ Delivered 

exposure energy 
density 

Normalized 
exposure energy 

density 

Pre-expose 
height  

Reduced χ2 @ 
optimum fit Comment Sample 

(nm) [mJcm-2]  [nm]   
B1 360 150 0.93  135.1  2.75 Lines in contact 

B11 360 225 1.45  159.9  2.75 
B19 360 375 2.65  155.0  0.72 
S1 360 200 1.18  160.0  2.26 
S2 360 450 2.90  145.0  1.99 
S3 318 300 2.33  175.0  1.35 

Separated lines 
 

 
Table 2: Measured ODM results of the set of photoresist gratings. The fitted process parameters, normalized exposure energy 
density, W0, and pre-exposure height, h0, of the developed photoresist grating are listed for the different delivered energy 
densities. The exposure energy density and printed grating period, Λ, applied in the sample preparation are included.  

 



 

ODM AFM 
h wb f h wb f Sample 

[nm] [nm]  [nm] [nm]  
B1 97 N/A 0.54 109   

B11 115 225 0.42 129   
B19 112 152 0.29 118   
S1 115 268 0.48 128 (3) NA 0.49 (0.04)  
S2 105 144 0.28 102 (3) 186 (15) 0.36 (0.04)  
S3 126 145 0.31 129 (3) 184 (15) 0.36 (0.04) 

 
Table 3: Measured ODM and comparative AFM results of the set of photoresist gratings. The fitted parameters from  
Table 2 is converted to the geometrical quantities profile height, h, profile bottom width, wb, and effective duty cycle f. The 
numbers in parenthesis are the standard uncertainties corresponding to a coverage probability of 68%. 

 

 
 
Figure 7:  Left sided plot shows the ODM measurement of grating S3  and the best fitted spectra. Right side shows 
the cross-sectional photoresist grating profiles corresponding to the best fitted spectra.  

 

 
 

Figure 8: Image of the sample S3 the image is an average profile of the measured AFM image.  The profiles are not 
corrected for AFM stylus convolution. 

 



 

4.3. Multi-layer sub-micron grating 
 
The zero-order diffraction efficiency for the TE polarization including the best fit to the data obtained by ODM using a 
rectangular profile is shown in . A good agreement between theory and experimental data is seen from the plot. In Figure 9

 

 
Measurement 

point 
location 

ODM 
height 

AFM 
height 

ODM 
duty 
cycle 

AFM 
duty 
cycle 

 [nm] [nm] %  
1 49.9 52.3 38 43.8 
2 49.0 52.2 39 42.9 
3 50.9 52.1 34 38.4 
4 54.8 50.7 97 54.5 
5 51.4 53.7 35 40.2 
6 50.5 54.2 38 41.1 
7 51.9 54.7 32 35.7 
8 45.3 51.3 25 35.7 
9 51.1 51.8 35 42.0 

10 50.3 52.8 38 44.6 
11 51.6 52.2 34 36.6  

 
Figure 9: Measured and modeled zero-order diffraction 
efficiency of the multi-layer grating. Experimental data 
between 570 nm and 590 nm has been excluded due to 
saturation of the spectrometer at these wavelengths. 

  
Table 4: Comparison between results from the 
ODM and AFM measurements of the multi-layer 
grating obtained at the point locations described in 
Figure 6. 
 

 
Table 4 the found values for all measurement points are summarized. It is seen that there is a good agreement between 
ODM and AFM height measurements and that the duty cycle obtained by AFM is higher than the corresponding ODM 
measurements for all measured locations with the exception of point 4 and 8, which are located close to the rim of the 
sample. The differences between the AFM and ODM measured duty cycle at the centre sample area are expected as no 
deconvolution of the stylus shape has been performed, whereas the difference at the sample rim indicates that the grating 
is inhomogeneous at the rim.  
 
 

 
 

5. Conclusion 
In conclusion we find that both the  ODM measurements have succeeded in giving the complete profile with nanometer 
scale accuracy and that the results are in very good agreement with AFM measurements of the heights. We have thus 
demonstrate that the ODM is capable of determining grating profile parameters and photoresist exposure levels. In earlier 
work4, 14 we demonstrated that ODM is also capable of measuring the grating profile of high aspect ratio sub micron 
gratings with period ranging from 220 nm to 1000 nm. In conclusion we have demonstrated that the ODM is a versatile 
tool for grating profile characterization.  
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