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ABSTRACT 
 

This paper explains the fabrication method of 

linear diffraction grating by femtosecond laser. 

Several gratings were made using two setups: chirped 

pulse FS laser and mode locked fibre laser. Laser 

direct writing with different optical paths was used to 

fabricate two gratings with pitches of 5mm and 

20mm. The average power, scanning speed and 

repetition rate of the laser were changed to determine 

optimal grating. The ablation threshold of Invar36 

was calculated for NOPs of 389 and 1.1, resulting in 

0.122J/cm2 and 0.42 J/cm2 respectively. And an 

online non-destructive performance testing procedure 

was applied to assess the reflective diffraction grating 

for optical linear encoding applications, based on the 

Talbot effect. The contrast of self-imaging was used 

as a comparison parameter. These results were 

verified by measuring the diffraction efficiency and 

traveling distance, using a Renishaw encoder. The 

best and poorest samples were the same in all setups, 

as was the trend. Specifically, the worst case couldn’t 

deliver a self-image with acceptable contrast, or 

generate uniform signals from an optical Tonic read 

head, since it diffracted laser light to different points 

and its diffraction efficiency was very low. In 

addition, the traveling distance error of the best 

sample was only 0.1mm. 

INTRODUCTION 
Many current optical encoders are based on the 

Talbot effect and self-imaging properties, which are 

the largest markets for 1D diffraction grating (Crespo 

et al, 2000; Sanchez-Brea et al, 2009; Heidenhain Co. 

2015; Ye et al, 2015; Kao et al, 2010; Kao et al, 

2005). According to the Talbot effect, the image of 

periodic microstructures such as gratings appears at 

the Talbot distance in the Fresnel diffraction Region 

(Liu et al, 1989). Many theoretical and experimental 

studies have discussed the influence of grating size 

and phase modulation on the Talbot effect, as well as 

how to observe the effect. Using a 10 tip fibre probe 

mounted in PZT and a CCD/CMOS camera is a 

popular technique for observing the Talbot effect 

(Luo et al, 2005; Guerineau et al, 2000, Wei et al, 

2009; Wei et al, 2006). Some researchers used Talbot 

interferometry to measure the tilt and roll angle of 

two gratings, or their parallelism (Liu et al, 1999; Liu 

et al, 2007). Defects such as missed or dislocated 

fringes with Talbot effect were also studied (Teng et 

al, 2014). The fringes were considered stationary, and 

they studied the defects according to application of 

reflecting diffraction grating in a linear optical 

encoder. The definition of defects and tolerance of 

missed or un-located fringes can be different with 

fixed grating. In order to determine an online, 

low-cost and non-destructive performance testing 

method, this paper considers the self-imaging 

properties of grating under IR LED illumination with 

viewing angle of 60°, which allows observation of 

detects on each pitch independently.  

Over the past decade, high precision (1 nm 

resolution) optical encoders have employed a 36% 

Ni-Fe alloy (Invar 36) scales in off-plane diffraction 

grating configurations. The thermal expansion 

coefficient (CTE) of Invar is very low at ambient 

temperature (CTERT =1.8×10-6/°C), and this thermal 

stability has encouraged its use in precision industries 

to minimize temperature related errors (Lu et al, 2007; 

Renishaw website). Thus, the effect of temperature is 

not significant on this substrate. In the range of a 

nanosecond pulsed laser, the heat affected zone in 

metal is very large, the molten material creates debris 
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and the line edges are not precise enough for optical 

components (Nolte et al, 1997; Lee et al, 2009). Since 

the heat affected zone is negligible with the ultrashort 

pulsed laser, and there is no debris from molten 

material, it can make precise and high quality lines 

since it’s cold machining process is due to the 

extreme electrical field of the femtosecond pulse and 

the very short pulse width (Seea et al, 2015; Eaton et 

al, 2015; Li et al, 2010). The pulse width of less than 

120 fs and energy greater than 1013-1014 W.cm-2 is 

suitable for cold machining (Gamaly et al, 2009). In 

this study, two different laser sources with pulse 

widths of 500 fs and 120 fs were used to fabricate 

gratings on Invar for the optical encoder scale. 

This study explains the fabrication method of 

gratings for encoder application by FS laser in detail, 

and the calculated ablation threshold of Invar for high 

performance grating according to critical FS laser 

parameters. It also describes a special method to 

measure fabricated gratings with the Talbot effect. 

This measuring method involves a performance 

testing setup for evaluating the suitability and 

adaptability of linear diffraction gratings for linear 

encoder applications. Some features, such as fringe 

depth, are not defects but still affect the performance 

of gratings, and some defects, including dots and 

particles, have minimal effect on the performance of 

gratings in the optical encoder application. The 

results of this method were compared by measuring 

the intensity and position of diffracted points in an 

off-plane diffraction configuration. A commercial 

optical read head was used to compare distance and 

traveling distance.   

 

 

EXPERIMENTAL SETUP  
 

Fabrication Setup, The sample preparation is 

done by a JY150MP polishing machine and two 

different FS laser sources and their different optical 

paths and other accessories were used to make 

micro-structure pattern and an ultrasonic alcohol bath 

were used for post cleaning process. The JY150MP 

polished the surface of 1.1 mm thick single Invar 36 

substrate, to create a mirror surface with surface 

roughness under 15 nm. Fifteen diffraction gratings 

with 20 μm pitch were then fabricated by the mode 

locked fibre FS laser (Fianium HE1060-2μJ-fs). A 

10× objective lens (Mitutoyo NA 0.14, MPLAN APO 

NIR) focused laser beam from 5.5mm to 8.5μm spot 

size on the Invar sample, which was located on an 

X-Y motorized stage with accuracy of 0.5 μm. The 

repetition rate f was set from 1 MHz×1/n for n = 1, 

2 . . . 9, and the range of pulse energies was from 

0.23 μJ to 1.59 μJ when the pulse duration was fixed 

at 350 fs. The scan speed ϑ also varied, from 1 mm/s 

to 22 mm/s. 

Three different diffraction gratings with 2.5mm 

line width were fabricated by a chirped-pulse 

amplified Ti:sapphire FS laser. The pulse duration 

was fixed at 120 fs, and the central wavelength was 

800nm at a pulse repetition rate of 1000Hz. FS lasers 

with pulse periods less than 200 fs provide a high 

precision cold machining method that requires very 

low laser fluence to start the ablation process, and 

results in sharply machined edges that increase the 

efficiency of the diffraction gratings (Li et al, 2010; 

Gamaly et al, 2009). 

 
Fig. 1. Fabrication setup for making 5um pitch on the   

Invar; FS: femtosecond laser, SFM: Spatial 

filtering mechanism, LP: Linear Polarizer, RM: 

Rotary motorized stage, BS: Beam splitter 4%, 

PD: Power detector, DM: Dichroic mirror, OL: 

Objective lens 50x 

A pinhole aperture with diameter of 200µm 

was used for spatial beam filtering before adjusting 

the power. The pinhole and two related lenses were 

located inside a vacuum chamber, and provided a 

beam profile of passed light that was close to an ideal 

Gaussian beam profile. The light power of the laser 

was adjusted using a linear polarizer mounted on a 

precise motorized rotary stage. The maximum pulse 

energy was 3mJ, and the polarization direction was 

along the grating lines. A 50x objective lens 

(Mitutoyo NA 0.42, PLAN APO SL) was employed 

at the end of the optical path, and its spot size was 

approximately 2.2µm due to refraction of the 800nm 

wavelength. Both laser direct writing setups used a 

nitrogen gas blower and a vacuum pipe as a 

debris-control system to collect ions, plasma plumes 

and evaporated particles (Fig. 1). 

 
Fig. 2. Observation setup of capturing online and 

continuously 
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Observation Setups, Figure 2 shows the first 

experimental setup. The circular polarized IR LED 

(wave length of 850 nm, viewing angle of 60°) light 

is reflected by a beam splitter and irradiated on the 

fabricated reflecting gratings, with normal incidence 

with respect to the surface of grating. The diffracted 

light passes through the beam splitter and is captured 

by a CMOS camera (UI-1240LE-NIR-GL, pixel size 

5.3×5.3 μm, 50% sensitivity at 850 nm) with an 

objective lens (Nikon Japan LU Plan Flour 10×/0.3). 

To increase the magnification to 30×, a tube of 

specific length was located between the camera and 

the objective lens, and diffracted light noise was 

removed by anodizing the inside of the tube to black. 

The gratings were located on an XY motorized stage 

with accuracy of 1 μm and resolution of 0.05 μm. 

The second observation setup measured the 

diffraction efficiency of samples in off-plane 

diffraction configurations. The light source was a red 

DPSS laser (671nm by 65mW), and the incident laser 

beam diffracts from the off-plane grating to form 

coherent spots on the surface of the sphere 

(Rothenbach et al, 2015). Samples were placed at the 

centre of the sphere, and the light sensor power meter 

was installed on the tilt mount perpendicular to the 

diffracted beam. The tilt mount was moved by the 

linear X-Y motorized stage to different positions of 

the diffracted beam. The plane of the motorized stage 

is perpendicular to the surface of the grating, but at 

an appropriate distance away. Thus, the optical paths 

of all diffracted beams are the same in this setup. 

The third setup was used to compare the 

traveling distance between the fabricated grating and 

a commercial high precision motorized stage with a 

glass scale. The setup included a linear motorized 

stage (Thorlab-DDS600 with glass scale) and a 

Renishaw Tonic read head (TONIC T1011-15A), and 

compared the traveling distance of two different 

optical linear encoders (i.e. the DDS600 stage, and 

the TONIC read head). The Tonic read head 

interpreted the gratings on the Invar, and the results 

were compared with the DSS600 results. The 

traveling distance for each sample was from 1 to 2 

mm (Fig. 3.). 

While the different laser parameters altered the 

surface roughness of the laser affected zone, the 

surface roughness of the reflecting area of gratings, 

the non-laser affected zone, was unchanged. 

Therefore, this study did not consider the effect of 

surface roughness. Finally, the substrate was cleaned 

in an alcohol ultrasonic bath at 32°C. 

 

Discussion 
Laser ablation threshold, The ablation 

threshold was calculated according to the line width 

of the laser affected zone. Figure 4a shows the line 

width and depth of a grating of 5um pitch and 2.5um 

line width by a confocal Olympus laser OM with 

100X magnification, and Figures 4b, c and d show 

the line width of gratings of 20um pitch by a confocal 

Keyence laser OM with 50X magnification. Two 

different morphologies are observed by increasing the 

laser fluence, and the high energy regime occurs at 

the centre of the beam, due to the nature of Guassian 

beams. This high energy regime can remove material 

easily, while the low energy regime can change the 

colour of the surface, which decreases the grating 

efficiency. 

 

 
Fig. 3. measuring setup for comparing optical glass 

scale of Thorlab DDS600 by fabricated grating 

with Renishaw Tonic Read head. 

The line width is related to the peak laser 

fluence, and increasing the laser fluence increases the 

line width according to a logarithmic trend  D2 =

2ω0
2 ln (

H0

Hth
). The pulse energy also is related to peak 

laser fluence as follows: 

𝐻0 = (
2𝐸𝑝

πω0
2) 

 
Fig. 4. Fringes of different grating under a confocal 

OM laser with different pitches: 

a) H0=0.41 J/cm2, NOP= 11, Depth= 0.43µm, 

Width=2.5µm 

b) H0=0.2 J/cm2, NOP= 389, Depth= 2µm, 

Width=10µm, 

c) H0=0.57 J/cm2, NOP= 194, Depth= 4.98µm, 

Width=11.5µm, 

d) H0=0.2 J/cm2, NOP= 71, Depth= 0.69µm, 

Width=11.47µm, 

e) Two types of morphology, the material has 

been removed in A region and the 

discoloration has been happened in B region. 
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Since the line width is related to the pulse 

energy (𝐷2 = 2𝜔0
2 𝑙𝑛 (

𝐸𝑝

𝐸𝑡ℎ
) ), and the beam spatial 

radius (ω0 ) is related to the number of pulses 

(NOP).The ω0  can be obtained by drawing 𝐷2 

against the logarithm of pulse energy with a constant 

NOP. This was 7.2 µm for an NOP of 389, and 

3.41µm with an NOP of 1.1. The NOP of 389 was 

fabricated with a mode locked fibre laser at a 

wavelength of 1064nm and an objective lens 

magnification of 10X, and the NOP of 1.1 was 

fabricated with a chirped pulsed laser at a wavelength 

of 800nm with a 50X objective lens. 

The laser ablation threshold can be obtained by 

plotting 𝐷2  against the logarithm of peak laser 

influence. The intersection of the fitted line to this 

curve and the horizontal axis is the laser ablation 

threshold. This calculation method was detailed in 

our previous article.  

As shown in Figure 5, the ablation threshold of 

0.122 J/cm2 was obtained for an NOP of 389 at a 

repetition rate of 1MHz and scan speed of 22mm/s, 

and the laser ablation threshold of 0.42 J/cm2 was 

obtained for an NOP of 1.1 at a repetition rate of 1 

KHz and scan speed of 2mm/s. The type of laser and 

optical paths were different in the two experiments: 

one was a mode locked fibre laser and the other was a 

chirped pulse laser with different optical paths and 

lens magnifications. Results showed that the laser 

ablation threshold of Invar has good agreement with 

previous studies on the nickel alloys, and that the 

ablation threshold is not related to the type of FS 

laser. 

 
Fig. 5. The ablation threshold of NOP of 1.1 and NOP 

of 389. 

Performance Testing Method, As seen in 

Figure 2, the camera focused on the grating when the 

grating fringes were set parallel to the camera pixels, 

by rotating the grating around its yaw axis. We used a 

CMOS camera in live mode to check the 

perpendicularity of the gratings to the light path by 

moving the grating along the X axis for an extended 

distance (15cm), and checking the sharpness of the 

fringe edges. After alimenting, the optic axis is 

perpendicular to the plane of the gratings, and the 

fringes are parallel to the camera pixels. The camera 

captured 20 images per second, and the motorized 

stage moved 0.02 mm/s on the Z axis (Figure 2), so 

one image was captured for each mm distance. The 

Matlab software analysed the images using a specific 

algorithm. 

 
Fig. 6. Contrast curve along the Z axis smoothed by a 

special algorithm. 

 
Fig. 7. X-Z slices of measured 3D intensity 

distributions: a to d is the same average 

power, and 1, 0.5, 0.11 and 0.1 MHz 

repetition rate, respectively. 

The Talbot distance is the first distance where a 

self-image of a grating will appear in the same phase 

(Case et al, 2009) when the grating is illuminated by 
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a plane wave. It is calculated as 𝑍𝑡 =
2𝑑2

𝜆⁄ , where d 

is the pitch of the grating and l is the incident 

wavelength of the monochromatic light source. The 

central wavelength of the IR LED was 850 nm and 

the Talbot distance of the above formulation is 

940µm. The image processing algorithm used this 

value to find exact position of first self-image which 

is where the chromaticity is maximum, as shown in 

Figure 6. The rg chromaticity was applied to the 

image in the Z direction to create a contrast curve, 

and a self-imaging distance of 900µm was defined at 

the maximum distance of the curve. The self-imaging 

distance was maintained at 90035µm for all 

samples. 

Figures 7 and 8 show X-Z slices of the 

measured 3D intensity distributions of the gratings. 

There is periodic intensity in the level of the 

self-imaging distances. The effect of the FS laser 

repetition rate and average power on the Talbot effect 

is also shown in Figures 7 and 8 respectively. As seen 

in Figure 7, decreasing the repetition rate decreases 

the uniformity of intensity curve, and the difference 

between the highest and lowest intensity is 

determined by comparing Figure 7a and Figure 7d. 

This trend is repeated with increasing average power 

(Figures 8a to 8b), which decreases both the 

uniformity of the intensity curve and the difference 

between the highest and lowest intensity. 

This difference between the highest and lowest 

intensity is considered the ‘contrast’ in this article. 

Since different laser parameters were applied to 

produce each sample, the depth and width of the 

fringes of the samples were not equal. The different 

parameters and fringe features affect the contrast and 

diffraction grating efficiency. 

 
Fig. 8. X-Z slices of measured 3D intensity 

distributions for different laser parameters: a 

and d is the same repetition rate of 1 MHz, 

and 455, 775 mW/cm2 average power, 

respectively. 

As shown in Figure 9a, increasing the laser 

peak fluence of the FS laser decreases the contrast of 

the self-image at the first self-image distance in 

different regimes. Since we can set the average laser 

power, it is different for each sample. The average 

power was minimum (i.e. lowest laser peak fluence) 

for the best sample with respect to the contrast of the 

self-image, and it also had the lowest average power, 

the highest repetition rate and the highest scan speed. 

In our case this was the first sample, which had an 

average power of 230 mW/cm2, a repetition rate of 1 

MHz and a scan speed of 22mm/s, with a fringe 

depth of 4.12µm and a duty cycle of 52%. 

The contrast of the self-image was not a 

function of the depth, it was decreasing the duty cycle 

that decreased the contrast (Figure 9c). As shown in 

Figures 7 and 8, the intensity of light was changed 

periodically in the level of the self-imaging distance. 

A sine function was fitted to the intensity of the 

distance level, and the R-squared value of this curve 

was used as a second comparison parameter. Figure 

9b shows the effect of laser peak fluence on the 

R-squared value of the curve fitted function. This 

trend was also found in the sample produced with 

minimum laser peak fluence, which had an R-squared 

value of R2 = 0.942. The diffraction grating 

efficiency for all samples in terms of laser peak 

fluence is shown in Figure 10. 

 
Fig. 9 The effect of laser peak influence on a) the 
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contrast of the self-image, b) the R-squared 

value of the self-imaging distance and c) the 

contrast and R-squared value according to the 

grating duty cycle. 

The diffraction efficiency of the first sample 

(1MHz, 230mW/cm2, 22mm/s) was maximum, and it 

was also the best sample with respect to contrast. As 

shown in Figures 9a and 10, the trend of the contrast 

and efficiency curves in this sample were the same, 

and these trends were also the same in the worst (10th) 

sample, though it didn’t fit to a sine curve (R2=0.02). 

Thus, the contrast of the self-image at self-imaging 

distance can be a powerful parameter to evaluate the 

grating in encoder and scale applications. 

 
Fig. 10. Effect of laser influence on the diffraction 

efficiency of gratings 

 
Fig. 11. Generated signal by the Tonic read head 

 
Table 1. Displacement error differences in the 

reported positions of the DDS600 stage and the Tonic 

read head 

Displacement Error 
Sample 

No. 

Traveling 

distance 

Error Sample 

No. 

Traveling 

distance 

Error 

1 1.91 100 9 1.68 1520 

2 1.80 200 10 1.73 NAN 

3 1.92 220 11 1.92 550 

4 1.85 280 12 1.87 830 

5 1.43 870 13 1.93 880 

6 1.76 820 14 1.83 850 

7 1.82 2110 15 1.78 790 

8 1.63 1530    

These gratings were also compared with 

another optical encoder on the Thorlab DDS600 stage 

(Figure 3). The generated signal of the first channel, 

shown in Figure 11a, was very strong and uniform. It 

had an error rate of 0.1 mm in a traveling distance of 

1.91mm, as seen in the Table 1. The diffraction 

efficiency of the worst sample (1MHz, 755 mW/cm2, 

22mm/s)  was 0.02. This sample did not generate a 

uniform signal due to excessive noise, and was 

unable to report the traveling distance of the Tonic 

read head. This noise has been repeated periodically. 

 

 

CONCLUSIONS 
Two series of gratings were fabricated with 

pitch of 5m and 20m by chirped pulsed fs laser 

and mode locked fibre FS laser respectively. The 

laser ablation threshold of Invar was calculated for 

two different laser setups and the amount and trend of 

laser ablation threshold were in good agreement by 

previous studies for nickel alloys. It was shown that 

the laser ablation threshold of Invar was 0.42 J/cm2 

for NOP of 1.1 and scan speed of 2mm/s when the 

repetition rate was 1KHz and it was 0.122 J/cm2 for 

NOP of 389 and scan speed of 22mm/s. Fifteen linear 

gratings (scale) were fabricated by different FS laser 

parameters with pitch of 20m, and were evaluated 

by: 

• the contrast of the self-image in Talbot 

distance; 

• the R-squared of the sine curve fitted; 

• the efficiency of off-plane diffraction 

configurations; and, 

• comparisons with two different optical 

encoders. 

Though the best and worst cases in all methods 

were the same, the seventh sample had the best 

diffraction efficiency (2nd place) with maximum 

traveling error, and was 5th in terms of the contrast of 

the self-image and R-squared value. Thus, the 

contrast of the self-image is an acceptable procedure 

to evaluate scale and efficiency. The 10th sample 

(worst case) diffracted incident laser light to points 

and had very low diffraction efficiency (0.02), but it 

was not a suitable encoder scale because it was 

unable to generate a uniform and stable signal. So the 

threshold value of contrast for this optical setup is 0.8. 

The self-imaging setup can determine the location of 

defects to a resolution of 10 pitches. This means that 

the focused area of this setup is approximately 10 

pitches, and it can observe effective defects smaller 

than 2mm of scale with an optical encoder 

application on each pitch. The results show that this 

method of analyzing self-image contrast is 
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inexpensive, simple and fast. Thus, it could be used 

as an online QC tool for a scale manufacturing 

company. 
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NOMENCLATURE 
 

d pitch of grating 

 

D beam diameter, Width of fringes 

 

f focal length of lens, repetition rate of pulsed laser 

 

H0 laser peak fluence 

 

Ep Pulsed energy 

 

H(r) laser fluence in the position of r 

 

NOP number of pulse 

 

r radial distance from beam center 

 

λ wavelength 

 

ω0 laser spatial radius 

 

ρ the spot size due to the diffraction 

 

ν scan speed 

 

h the Planck constant 

 

c the speed of light 

 

θi angle of incident light to the grating 

 

φ incident beam angles relative to the grating plane 

 

α, β angle of diffracted order 
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摘 要 

本研究闡述了飛秒雷射器對線性衍射光柵的

製作方法。使用兩種設置來製作幾個光柵：啁啾脈

衝 FS 雷射器和鎖模光纖雷射器。使用不同光程的

雷射，直接書寫在兩個間距分別為 5mm 和 20mm 的

光柵上。調整雷射器的掃描速度和重複頻率，以平

均功率確保光柵最佳化。對於 389 和 1.1 的 NOP，

計算 Invar36 合金的燒蝕閾值，分別得到

0.122J/cm
2
和 0.42J/cm

2
。 

 

基於泰伯(Talbot)效應，套用在線無損性能測

試程序以評估光學線性編碼應用的反射式衍射光

柵。使用自我成像的對比度為比較參數。通過使用

Renishaw 編碼器測量衍射效率和行進距離來驗證

這些結果。所有設置中最好和最差的樣本都有相同

的趨勢。具體而言，最壞的情況不能以可接受的對

比度傳遞自身圖像，或者從光學 Tonic 讀數頭產生

均勻的信號，因為它將雷射衍射到不同的點並且其

衍射效率非常低。此外，最佳樣品的行程距離誤差

僅為 0.1mm。 

 


