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Abstract: In digital micromirror device (DMD)-based projection photolithography, the through-
put largely depends on the effectiveness of the laser energy utilization, which is directly correlated
to the diffraction efficiency of DMD. Here, to optimize the DMD diffraction efficiency and thus
the laser energy utilization, we calculate the diffraction efficiencies Ediffraction of DMD with
various pitch sizes at wavelengths ranging from 200 nm to 800 nm, using the two-dimensional
blazed grating diffraction theory. Specifically, the light incident angle is optimized for 343
nm laser and 7.56 µm pitch-size DMD, and the maximum single-order diffraction efficiency
Ediffraction is increased from 40% to 96%. Experimentally, we use the effective energy utilization
ηeff =Ediffraction,(m,n)/Σ[Ediffraction,(m,n)] at the entrance pupil plane of the objective to verify the
effectiveness of the optimized illumination angle in a lithography illumination system with
parallel beams of two wavelengths (343 nm and 515 nm). The ηeff of a “blaze” order at a 34°
angle of incidence can be optimized up to 88%. The experimental results are consistent with the
tendency of the calculated results, indicating that this optimization model can be used to improve
the energy utilization of projection lithography with the arbitrarily designable wavelengths and
the DMD’s pitch size.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Digital micromirror devices (DMD)-based projection lithography (DMD-PL), as a promising
alternative technique for traditional photolithography, has received a lot of attention in the last
decades [1–3]. Benefiting from its higher manufacturing efficiency and lower cost [4,5], DMD-PL
meets the current urgent needs for rapid [6–8] and economical fabrication of micro-/nanodevices
[9–11]. The resolution of the conventional DMD-PL has been constrained to the sub-micrometer
region for a long time due to the diffraction limit. In recent years, the resolution of DMD-PL has
been significantly improved and achieved nanometer scale by the two-photon absorption effect of
photoresists [12,13]. The resolution is expected to be further improved by continuously reducing
the pixel size of the DMD (see Texas Instruments Products, TI), increasing the magnification
of the projection objective, and shortening the wavelength of the ultrafast laser. In DMD-PL
systems, the laser beam collimated with a flat-topped energy distribution is incident on the DMD
at a fixed azimuth and incident angle [14], and the output beam comprises a lot of diffraction
orders with the discrete angles due to the grid effect [15,16]. The optical objective lens receives
one or several diffraction orders as object information for exposure. The evolution of the pixel
(micromirror) size of the DMD and the wavelength of the laser will affect the imaging quality
and the energy utilization of the light source [17]. As discussed in TI’s published white paper
[18–20], overall energy utilization ηDMD can be estimated using Eq. (1).

ηDMD = (Twindow)
2 × Efill.factor × Ediffraction × Rmirror = C × Ediffraction (1)

where C stands for an intrinsic parameter of DMD determined by its physical structures.
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• Twindow is single-pass window transmission. This term is accounted for twice because light
travels through the window twice. A single pass average transmittance Twindow is ≥ 99%.

• Efill.factor is the fractional mirror coverage (on-state mirrors) as viewed from the illumination
direction. Typical on-state fill factor Efill.factor is ≥ 92%.

• Rmirror is the mirror reflectivity including mirror scatter. The mirrors are nominally 89%
reflective in the visible range.

• Ediffraction is the diffraction efficiency of DMD which is affected by the pixel size, laser
wavelength and incident angle.

The diffraction efficiency Ediffraction of DMD is the main determinant of the overall energy
utilization ηDMD [18]. When a DMD is illuminated with coherent, collimated, narrow-band light,
the reflected diffraction light is a two-dimensional (2D) pattern of spots called “diffraction orders”
[21,22]. A “blaze” condition exists when one diffraction order contains most of the energy in the
overall diffraction pattern. An “anti-blaze” condition exists when the four brightest orders contain
equal amount of energy in the diffraction pattern. A “blaze” or an “anti-blaze” condition may exist
depending on the pixel pitch, micromirror tilt angle, illumination wavelength, and the incident
angle of the illumination light [20]. The pixel sizes of available commercial DMD (TI Products)
are 13.68, 10.8, 7.56 and 5.4 µm [23], respectively. Although using DMD with smaller pixel size
generally improves the resolution of DMD-PL [24,25], the smaller micromirror will aggravate
the diffraction effect and affect the energy utilization efficiency and the spatial distribution of
diffraction order [26–28]. In DMD-PL, a variety of wavelengths ranging from ultraviolet to
near infrared have been used to suit the needs of different technologies and applications [29–32].
In addition, due to the limitation of the entrance pupil of the projection objective, generally
only a single diffraction order can enter a high de-magnification lithography system [18,19].
Improving the diffraction efficiency of a single order and improving the energy utilization are the
key problems to be solved in lithography. Therefore, for the complex and changeable diffraction
characteristics of DMD [33–36], it is necessary to establish a complete parameter model for
analyzing specific conditions, optimizing illumination angles and improving the energy utilization
in lithography.

In this work, we systematically examine the impact of multiple parameters such as the size
of the pixels, operating wavelength, incident angle, projection objective’s pupil aperture, and
working distance, on the energy utilization rate of the lithography system. A broadband (200 nm -
800 nm) two-angle (azimuth and incident angles) variable DMD diffraction model is established
and used to analyze the energy envelope and diffraction order distribution in variable cases,
and optimize the incident angle for maximum energy utilization in DMD-PL. Furthermore, the
experiments employed lasers with the wavelengths of 343 nm and 515 nm are performed for
validating the DMD diffraction model. The experimental results agree well with the simulation
results, which confirms the accuracy of the model. The maximum diffraction efficiency for 343
nm laser and 7.56 µm DMD is 96% at an optimized light incident angle of 34° in theory. The
diffraction model developed here can be used as a powerful tool for maximizing laser energy
utilization in various DMD-PLs.

2. DMD diffraction model

2.1. DMD diffraction order and phase distribution

Figure 1(a) shows a typical DMD-based projection lithography system. In general, a DMD can be
considered as a modulated 2D blazed grating. Each diffraction order can be used alone as to carry
object information, and the objective lens collects one or several orders to complete the exposure
on the photoresist. Figure 1(b) shows the operation mode (non-TRP) [37] of DMD with pixels
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sizes of 13.68 µm, 10.8 µm, and 7.56 µm. The corresponding DMD numbers are (DLP7000 &
13.68 µm), (DLP6500, DLP650LE & 10.8 µm), (DLP303X, DLP553X, DLP4501, DLP9000 &
7.56 µm). The single rectangular micromirror area is defined as dDMD×dDMD. The light source
is input from the diagonal, and the energy envelope outgoing direction is perpendicular to the
backplane when DMD’s state is open. The beam deflection angle is ±12° corresponding to two
states (on and off) of switching. The grating constant d and blaze angle γ of the equivalent blazed
grating are dDMD/1.414 and 12°, respectively. The operation mode (TRP) [37] of 5.4 µm pixel
size DMD is shown in Fig. 1(c). The corresponding DMD numbers are DLP3010 & 5.4 µm. The
micromirrors first rotate 12° around the diagonal 1 and then 12° around the diagonal 2, resulting
in a compound deflection angle of ±17° around the central axis. The incident light becomes side
incident, and the energy envelope exits perpendicular to the backplane. Accordingly, the grating
constant d and blaze angle γ of the equivalent blazed grating become dDMD and 17°, respectively.
In addition, each mirror has a rectangular hole of about 2 microns in the center, and the interval
between two adjacent mirrors is less than 1 µm [38]. This special structure leads to a decrease
in energy utilization. We can use the filling factor Efill.factor to characterize the energy loss (see
Eq. (1)) [20]. Consequently, when the parallel beam is incident on the DMD at an angle of 2γ
to the normal direction and the state of the DMD micromirrors is controlled by the pre-loaded
binary patterns with a laser light, the outgoing diffraction patterns can be used as a digital mask
for projection lithography.
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Fig. 1. (a) The schematic diagram of DMD-PL system. (b) The general operation of the
DMDs with micromirror pitches of 7.56 µm, 10.8 µm, and 13.68 µm. The micromirror is
deflected 12° around the diagonal. The light source is incident on the micromirror along the
second diagonal direction, and 24° angle with the normal direction of the substrate. (c) The
operation of the DMD with a micromirror pitch of 5.4 µm. The micromirror is first rotated
12° around the diagonal 1 and then rotated 12° around the diagonal 2. The light source
is incident on the micromirror along the edge direction at an angle of 34° to the normal
direction of the substrate.

As a 2D blazed grating, the spatial distribution of the diffraction angles and orders of the DMD
are two-dimensional in nature [39]. We extended the grating diffraction order to the cosine space
in which the range of each output order is a dome-shaped space area (Fig. 2(a)). Therefore, the
plane distribution of the diffraction orders on the actual observation screen can be mapped to
the polar coordinate system in the cosine space. When a bundle of thin parallel light beam is
incident on the DMD, the diffracted beams at different angles will be observed on the screen as
shown in Fig. 2(a). The incident angle θi and azimuth angle φi express the trajectory of the light.
The angles of the output (diffracted) beam are θmn and φmn in the polar coordinate system. In
order to visually understand the spatial distribution of diffraction orders, the spatial dot array of
diffraction orders can be decomposed into the approximation of one-dimensional blazed gratings
in two directions, as shown in Fig. 2(b). The diffraction pattern of the DMD on the entrance
pupil plane (or viewing screen in Fig. 1(a)) depending on the DMD’s grid morphology is a 2D
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dot array with an equal period (Fig. 2(b)). The above two-dimensional diffraction phenomenon
can be described mathematically as follows.
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Fig. 2. (a) The schematic diagram of a DMD as a two-dimensional diffraction grating. θi is
the incident angle and φi is the azimuthal angle. The diffraction orders (m, n) are distributed
on the dome surface. The diffraction angles corresponding to diffraction orders (m, n) are
θmn and φmn. (b) The distribution of diffraction orders (m, n) projected onto a plane viewing
screen. The 2D diffraction orders (m, n) distribution can be equivalent to a combined mode
of diffraction in two orthogonal directions.

The projection distribution of the DMD diffraction orders on the viewing screen at a certain
distance can be expressed by the two-dimensional grating equation as follow:

sin θmn cos φmn = sin θi cos φi + mλ/d (2)

sin θmn sin φmn = sin θi sin φi + nλ/d (3)
x = L tan θmn cos φmn (4)
y = L tan θmn sin φmn (5)

where (m, n) denotes the two-dimensional diffraction order, (x, y) is the projection position on the
viewing screen, L is the distance between the DMD backplane and the viewing screen, θmn is the
angle of incidence, φmn is the azimuthal angle, d is the pixel size, and λ is the wavelength of the
light source used in the projection lithography. This set of equations can be used to accurately
describe the DMD’s 2D diffraction orders in a cosine space and their projection positions on the
entrance pupil of the optical system.

In DMD, the spatial arrangement of the diffraction orders stems from the constant phase
difference of adjacent micromirror elements. A phase model according to the DMD deflection
method is established. When DMDs with pixel sizes of 13.68 µm, 10.8 µm, and 7.56 µm are
in the “on” state, the micromirror deflects around its main diagonal, and the incident light can
be seen as parallel light beams as shown in Fig. 1(b). According to geometric optics, there is
a constant phase difference between the adjacent micromirrors in the main diagonal direction,
while there is no phase difference in the spatial positions perpendicular to the diagonal direction.
By decomposing each plane position on a single micromirror into position parameters about the
x-axis and y-axis, the analytical expression of the phase difference Φ caused by the deflection of
the micromirror can be obtained by:

Φ =
2π
λ
∆L =

2π
λ

tanγ · (cos θi + cos θmn) · (ysinφi + xcosφi) (6)

where the deflection angle γ is 12°, θi is the incident angle, θmn is the output diffraction angle, φi
is the incident azimuthal angle, and x and y are the position parameters of the micromirror in the
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xy plane. For the 5.4 µm pixel DMD, the phase difference exists only in the x direction, and the
phase difference φ can similarly be expressed by:

Φ =
2π
λ
∆L =

2π
λ

tanγ · (cos θi + cos θmn) · (x) (7)

2.2. DMD diffraction intensity distribution

The complex amplitude distribution of the DMD diffracted light field in entrance pupil can be
obtained by the Fourier transform of the light transmittance of the DMD aperture. The entrance
pupil of the optical system is positioned in the Fraunhofer diffraction zone, as can be seen by the
Fraunhofer diffraction zone judgment: L ≥ D2/λ, L is the diffraction distance, D is the rectangle
side length which is equal to dDMD, λ is the light wavelength. The complex amplitude can be
derived as:

Ẽ(P) = E sin c(ψx) sin c(ψy)e−iδM/2 ·
sin[(M + 1)δ/2]

sin(δ/2)
· e−iδN/2 ·

sin[(N + 1)δ/2]
sin(δ/2)

(8)

ψx = d
(︃
sin θmn cos φmn − sin θi cos φi −

ξ
√

2

)︃
(9)

ψy = d
(︃
sin θmn sin φmn + sin θi sin φi −

ξ
√

2

)︃
(10)

E is the incident light amplitude, ψx and ψy are the spatial frequencies of a single pixels in
the x and y directions, respectively. When the function value of [Sinc] is 1, the corresponding
amplitude is the maximum. The remaining part is the phase difference and interference terms
between the micromirrors of a single coordinate axis. M and N are the number of micromirrors
in the x and y directions, and δ is the phase difference between the micromirrors. When the
phase difference δ is equal to the integer multiple of 2π, the coherent light reflected by multiple
micromirrors produces constructive superposition. Therefore, the intensity distribution of the
diffraction pattern with periodic arrangement is equal to the product of the diffraction factor
of single micromirror and the interference factor of the DMD. ξ=(1/λ)·tanγ·(cosθi+θmn) is the
spatial frequency shift caused by the deflection of the micromirror. When the pixel is deflected,
the incident angle and the diffraction angle change, which will produce a phase difference, and
lead to the spatial frequency shift. It can be deduced by Eq. (9) or Eq. (10). The DMD with a 5.4
µm pixel size only has a frequency shift on one single axis, and other DMD have frequency shifts
in both x and y axes.

From the above, the diffraction intensity distribution can be derived as:

I(P) = I0 sin c2(ψx) sin c2(ψy) ·
sin2[(M + 1)δ/2]

sin2(δ/2)
·

sin2[(N + 1)δ/2]
sin2(δ/2)

(11)

When I0 is normalized and the interference term is ignored, the relative intensity distribution
of the diffraction orders can be used to express the diffraction efficiency of the DMD. The relative
diffraction efficiency (Ediffraction = I / I0) of the DMD with a pixel size of 13.68 µm, 10.8 µm, and
7.6 µm can be expressed as:

Ediffraction = sin c2[d(sin θmn cos ϕmn − sin θi cos ϕi −
ξ
√

2
)]

· sin c2[d(sin θmn sin ϕmn + sin θi sin ϕi −
ξ
√

2
)]

(12)
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The relative diffraction efficiency (Ediffraction = I / I0) of DMDs with 5.4 µm pixel size is
expressed as:

Ediffraction = sin c2[d(sin θmn cos ϕmn − sin θi cos ϕi − ξ)]

· sin c2[d(sin θmn sin ϕmn + sin θi sin ϕi)]
(13)

Equation (12) and Eq. (13) represent the diffraction efficiencies of a single diffraction order of
commercial DMDs, and can be used to analyze the energy utilization rate.

3. Diffraction efficiency of DMD in lithography system

The optical system for projection lithography usually includes an objective lens and a tube lens.
As shown in Figure1(a), the diffraction orders of the DMD enter the optical system to expose the
photoresist, and each order enters the tube lens has spatial information that can work independently.
On the one hand, when the lithographic image plane is at the focal plane, multiple levels will
be superimposed on the focal plane to increase the focus energy. On the other hand, when the
lithographic image surface is on the defocused surface, imaging in different plane positions will
cause the lithographic pattern to be distorted. Moreover, entering multiple diffraction orders in
the above two cases will increase the exposure dose and reduce the lithography resolution [40,41].
In summary, when multiple orders enter the lithography system, the energy errors will be caused
and the depth of focus will be reduced. Therefore, the diffraction efficiency analysis should be
placed on a single order. In order to facilitate the analysis, the distance from the observation
screen to the DMD is set to 200 mm.

3.1. Dependence of the diffraction efficiency on pixel size

Based on the DMD diffraction model derived in Section 2, numerical calculations of the
diffraction orders and efficiencies were implemented using Python coding. Figure 3(a) illustrates
the relationship between the diffraction order and the energy envelope. The energy envelope
was determined by the shape of the mirrors (square for the DMD) which was derived from
the intensity distribution of the pixel diffraction. The efficiency of the diffraction order was
modulated by the energy envelope. Thus, the diffraction order located in the envelope will receive
more energy. When the single order was in the center of the envelope, the order was in the blazed
state. Figure 3(b-e) shows the spatial distribution of diffraction orders in the energy envelope.
The pixel parameters of the selected micromirror were 13.68 µm, 10.8 µm, 7.56 µm, and 5.4 µm,
and the incident wavelength was 400 nm. The diffraction order of the DMD with pixel size of
7.56 µm in the center under 343 nm irradiation showed the highest diffraction efficiency, as show
in Fig. 3(c).

Diffraction is a physical phenomenon that bends the light by optical limitation. When the
wavelength of light source is fixed, the smaller the DMD’s pixel size, the more obvious the
diffraction effect. This trend can be seen from Fig. 3(b-e). The diffraction angles of adjacent
orders become larger as their size decreases. For a given distance and size of the entrance pupil,
the number of diffraction orders entering the lithography system will decrease. For lithography,
this phenomenon can help the optical system filter out the stray light without using the 4F system,
to reduce the instability caused by the superposition of multiple diffraction orders on the image
plane.

3.2. Dependence of the diffraction efficiency on wavelength

In DMD-PL systems, the photoresist and resin materials were more reactive to higher photonic
energy (shorter light wavelength) resulting in faster cure rates. The relative diffraction efficiencies
of the multiple types of DMD in the wideband light covering the entire visible and ultraviolet
wavelengths were calculated and analyzed. Figure 4(a) shows the diffraction efficiency distribution
of four types of DMD illuminated with lasers of wavelengths of 200-800 nm. The relative
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Fig. 3. (a) Schematic diagram of DMD diffraction order and energy envelope. The
diffraction orders distribution and light intensity envelope on viewing screen with the various
DMD pitches of 13.68 µm (b), 10.8 µm (c), 7.56 µm (d), and 5.4 µm (e). The wavelength of
light source is 343nm. The black dots in these figures represent discrete diffraction orders,
and their energy envelope is represented by the color bar.

diffraction efficiency oscillated periodically as the wavelength changes from 200 nm to 800 nm.
The wavelengths corresponding to the maximum diffraction efficiency were the blaze wavelengths.
The numbers of blaze wavelengths when the pixel size changed were different, which were 15,
12, 8, and 12 shown in Fig. 4(a). This regular oscillation of the diffraction efficiencies was caused
by the constant change in the matching of the energy envelope and diffraction orders.

In general, only one diffraction order of DMD was needed in the actual lithography as the
objection of the lithography system to complete the exposure process. A diffraction order with the
highest diffraction energy distribution on the entrance pupil of the objective lens was selected for
the following experiments. Taking the DMD with 7.56 µm pixel size as an example, as shown in
Fig. 4(b-e), the higher diffraction efficiency is obtained when the diffraction orders [black dots in
Fig. 4(b-e)] are closer to the center of the two-dimensional energy envelope. Therefore, the energy
utilization of projection lithography can be effectively increased by altering the wavelength.

3.3. Maximizing diffraction efficiency by optimization of condition

As shown in section 3.1, if the working parameters (incident angle θi, azimuth angle φi) do not
achieve the maximum diffraction efficiency for a certain wavelength (“anti-blaze” condition),
the lithography energy utilization rate will be greatly reduced. Therefore, it is often possible,
in an “anti-blaze” arrangement, to change the incident angle so that one of the orders lines up
with the energy envelope peak producing a “blaze” condition. Taking the 343nm and 515 nm as
an example, the diffraction efficiencies for the DMD with a 7.56 µm pixel size were 47% and
73%, respectively, when working parameters of 24° incidence angle and 45° azimuthal angle
were used. Therefore, when the wavelength of a projection lithography system is determined and
unchangeable, it is necessary to optimize the working parameters. An incidence wavelength of
343 nm, a DMD pixel size of 7.56 µm and a fixed azimuth angle of 45° were used for illustration,
and the incidence angle was varied to optimize the diffraction efficiency, and the results are
shown in Fig. 5(a).

The obtained trend of the diffraction efficiency can be used to optimize the energy utilization of
projection lithography. In Fig. 5(a), the diffraction efficiency gradually increased as the incident
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Fig. 4. (a) The diffraction efficiency distribution in the 200 nm - 800 nm band for DMDs
with micromirror pixels of 13.68 µm, 10.8 µm, 7.56 µm, and 5.4 µm. The diffraction
orders distribution and light intensity envelope on viewing screen with the various incident
wavelengths of (b) 300 nm, (c) 400 nm, (d) 500 nm, (e) 600 nm, respectively. The light
source is incident on the DMD of 7.56 µm pixel in 24° incidence angle and 45° azimuthal
angle.

angle increased and topped at 34°, which is different from the incident angle of 24°. As shown in
Figs. 5(b) and 5(d), when the 343 nm light source was incident at 22.5°, the energy envelope was
located in the center of the viewing screen, and the diffraction efficiency was not high enough,
and this was because the energy was dispersed in multiple orders. In this case, the highest
diffraction efficiency was only 40%. When the incident angle was changed to 34° (Fig. 5(c)), a
single order with the highest diffraction efficiency appeared as shown in Fig. 5(e). This increase
in the efficiency was due to the fact that the diffraction order was located in the center of the
energy envelope, and thus the diffraction efficiency could reach 96%. However, in fact, the tilt
error, flatness, and structural error of the mirror surface will lead to a decrease in the diffraction
efficiency of the ideal calculation. In Fig. 5(e), the energy envelope is in the lower-left corner of
the viewing screen. Therefore, in actual projection lithography, the main axis orientation of the
optical system needed to be changed so that the highest energy order could be incident on the
optical axis. It can be concluded that changing the incident angle can effectively improve the
energy utilization of lithography.
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Fig. 5. (a) Diffraction efficiency distribution of a 343nm light source incident on a 7.56µm
pixel DMD at a 45° azimuth angle with variable incidence angle. Relative energy distribution
of diffraction orders (b) and envelope distribution (d) on a plane viewing screen under 22.5°
incident conditions. Relative energy distribution of diffraction orders (c) and envelope
distribution (e) on a plane viewing screen under 34° incident conditions

4. Experimental results and analysis

In the experiment, we cannot directly evaluate the absolute diffraction efficiency value Ediffraction,
because the measured light intensity of diffraction order is affected by the window transmittance,
backplane reflectivity, micromirror fill factor. In a coherent imaging lithography systems, we
generally focus on the energy utilization of a specific diffraction order in “blaze” condition.
The relative value of the diffraction efficiency of different orders can be used to evaluate the
optimization effect of energy distribution. Thus, we define an effective energy utilization ηeff
which is the output power of a single diffraction order over the all diffraction orders power at the
entrance pupil plane.

ηeff =
Pout,(m,n)∑︁

m,n
Pout,(m,n)

=
ηDMD,(m,n) · Pint∑︁

m,n
(ηDMD,(m,n) · Pint)

=
C × Ediffraction,(m,n) · Pint∑︁

m,n
(C × Ediffraction,(m,n) · Pint)

=
Ediffraction,(m,n)∑︁

m,n
Ediffraction,(m,n)

(14)
where Pout,(m,n) is the (m,n) order diffracted light intensity, and Pint is the total incident light
intensity. The angle of two adjacent diffraction orders is sin−1(λ/d). If the angular diameter
tan−1(a/2L) of entrance pupil is smaller than sin−1(λ/d) then it is only possible to capture one
order in the output aperture of entrance pupil. In the experiment, the optical power Pout,(m,n)
was measured using an optical power meter (S120C, Thorlabs), and the optical photograph of
diffraction spots on viewing screen is collected via camera (CS235CU, Thorlabs).
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4.1. Energy utilization optimization of single wavelength

In section 3.3, we theoretically analyze that the energy distribution of diffraction order in
“anti-blaze” condition can be optimized by changing the incident angle. Figure 6(a) shows the
diffraction order and intensity distribution on the observation screen in no optimized incident
condition. The flat-top thin light beam at wavelength of 343nm with an incidence angle of 24°
and an azimuthal angle of 225° were jointly incidents on a DMD with a pixel size of 7.56 µm.
This is a typical diffraction pattern of the “anti-blaze” condition. The four brightest orders contain
an amount of energy in the diffraction pattern. The power Pout,(m,n) of single diffraction order
was measured using an optical power meter and shown in Table 1. Experimental results indicates
that these four adjacent orders contain approximately four-fifths of the output energy in entrance
pupil, with the remaining one-fifth being distributed in all of the other orders. The effective
energy utilization ηeff for the diffraction order (6,6) with the greatest energy in the center is about
45%. This lower energy utilization is not suitable for use in lithography systems.
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Fig. 6. The diffraction order and intensity distribution on the experimental observation
screen. (a) No optimized incident condition that the incident angle is 24° and the azimuth
angle is 225°; (a) Optimized incident condition that the incident angle is 34° and the azimuth
angle is 225°. The light source wavelength is 343 nm. The distance between the viewing
screen and DMD is 200 mm

Table 1. Comparison of theoretical and experimental results of single
wavelength illumination.

No optimized angle of incidence (24°) Optimized angle of incidence (34°)

Order (m,n); power of single order (µW) Order (m,n); power of single order (µW)

(5,5); 2.50 (6,5); 17.00 (7,5); 11.20 (5,5); 3.10 (6,5); 7.30 (7,5); 1.80

(5,6); 6.60 (6,6); 74.12 (7,6); 43.00 (5,6); 6.80 (6,6); 136.00 (7,6); 2.50

(5,7); 1.89 (6,7); 3.70 (7,7); 4.20 (5,7); 1.60 (6,7); 2.50 (7,7); 2.30

Then, we have studied how to transfer the diffraction intensity distribution of the “anti-blaze”
condition to the “blaze” condition by changing the angle of incidence. By increasing the incident
light angle from 5° to 38° shown in Fig. 5(a), the maximum of energy envelope is gradually
moved to a certain diffraction order, rather than allocating four diffraction orders at the same time
shown in Fig. 6(b). The positional relationship between the envelope and the diffraction order
is visualized on the top and right of the photograph. The measured power Pout,(m,n) of single
diffraction order is shown in Table 1. Experimental results indicates that the diffraction order
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(6,6) in “blaze” condition contains more than 80% of the output energy in entrance pupil, with
the remaining fifth being distributed in all of the other orders. The effective energy utilization
ηeff for the diffraction order (6,6) with the greatest energy in the center is about 88%. Obviously,
this optimized energy utilization is beneficial for lithography systems.

4.2. Energy utilization optimization of multiple wavelength

Similarly, we also have investigated the simultaneous optimization of lighting conditions to
maximize the energy utilization of both wavelengths. We used a projection lithography system
with a dual-wavelength illumination to verify the conditions for the optimization of the diffraction
efficiency. Two wavelengths of 343 nm and 515 nm femtosecond laser beams through the optical
lens pair were collimated into the flat-top light, and two light beams with an incidence angle
of 24.5° and an azimuthal angle of 220° were jointly incidents on a DMD with a pixel size of
7.56 µm. The DMD was loaded with a rectangular pattern of 500× 500 pixels. To mimic the
actual projection objective position, the viewing screen was 200 mm away from the DMD. The
diffraction order of the incident light with a wavelength of 343 nm had a symmetric intensity
distribution with the diagonal as the central axis (Fig. 7(a)). Its spatial distribution on the viewing
screen resembled that of the checkerboard grid, and the on-screen position between each level
depended on the angle and azimuth of the laser emission and the distance of the viewing screen
from the DMD. Figure 7(b) shows the spatial distribution and energy distribution of the diffraction
orders for the incident wavelength of 515 nm. The spacing between the adjacent orders was
larger. This was because the 515 nm was longer than 343 nm, and thus the diffraction angle of the
adjacent order became larger according to Eq. (1) and Eq. (2). Figure 6(c) shows the diffraction
orders of 343 nm and 515 nm entering the DMD with the same incidence angle and azimuthal
angle. It can be seen that the highest energy orders of the two wavelengths almost overlapped in
the center, and the offset between them was only 0.05 mm. For a projection objective with a
certain entrance pupil, two laser beams can enter at the same time without affecting the image
quality for lithography.
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Fig. 7. The diffraction order distribution on the experimental observation screen, the
distance between the viewing screen and DMD is 200 mm. The incident angle is 24.5°, the
azimuth angle is 220°, and the light source wavelength is 343 nm(a), 515 nm(b), 343+ 515
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Theoretical simulation results using the same incidence conditions were obtained by the
python code in Figs. 7(d) and 7(e). The theoretical results showed good agreement with the
experimental results. At the same time, the (9,6) and (6,9) levels of 343 nm observed in Fig. 7(c)
overlapped with the (6,4) and (4,6) levels of 515, respectively, and this phenomenon was well
explained by the theoretical calculations. Figure 7(f) is the simulation result for the situation
of Fig. 7(c), exhibiting good agreement between the simulation and the experiment. Table 2
summarizes the measured power of each order together with the calculated diffraction efficiency
of the corresponding orders.

Table 2. Comparison of theoretical and experimental results of double-wavelength
illumination.

343 nm 515 nm

Orders Experimental
data Pout,(m,n)

(µW)

Calculation
diffraction
efficiency

Ediffraction,(m,n)

Orders Experimental
data Pout,(m,n)

(µW)

Calculation
diffraction
efficiency

Ediffraction,(m,n)

(6,6) 14.54 0.481 (4,4) 8.30 0.720

(6,7) 3.17 0.100 (5,4) 0.65 0.056

(7,6) 3.50 0.110 (4,5) 0.70 0.060

(6,5) 0.98 0.027 (4,3) 0.24 0.021

(5,6) 0.99 0.029 (3,4) 0.26 0.022

ηeff of
“blaze”
order

∼ 63% ∼ 64% ηeff of
“blaze”
order

∼ 82% ∼ 82%

It can be seen from Table 2 that there existed an energy maximum at 343 nm and 515 nm,
corresponding to (6,6) and (4,4) levels, respectively. We can compare the ratio (Pout,(m,n) /Pmax and
Ediffraction,(m,n)/Emax) of in the experimental results and calculated results to verify the correctness
of the model. For the 343nm experiment results, the ratios Pout,(m,n) /Pmax of the highest power to
other orders in the order of Table 1 were 0.21, 0.24, 0.07 and 0.07 respectively, and the ratios
Ediffraction,(m,n)/Emax of the corresponding model calculation results were 0.21, 0.23, 0.06 and
0.06. For the experiment results of 515 nm wavelength, the ratio of the highest power order to
other orders were 0.08, 0.08, 0.03, and 0.03, and the corresponding model calculation results
were 0.08, 0.08, 0.03, and 0.03. It can be seen that the ratios were very close, indicating that the
model could accurately predict the actual DMD energy distribution of the diffraction orders. At
the same time, the energy utilization ηeff is close to two-thirds (∼ 63% at 343nm) and more than
four-fifths (∼ 82% at 515nm) under the same optimized incident angle that the incident angle is
24.5° and the azimuth angle is 220°.

5. Conclusion

In this work, we systematically established a 2D grating diffraction model for commercial
DMDs, which could accurately predict the diffraction efficiency of diffraction orders used for
projection lithography at different operating conditions. The diffraction efficiencies of DMD
at the wavelengths of 200 nm-800 nm band simulated by Python coding show that the energy
utilization can be improved by properly combining the wavelength and the DMD’s pitch size. The
maximum diffraction efficiency was optimized by varying the incidence angle for the wavelength
of 343 nm and successfully achieved 96%. Experimental validation was performed with the
wavelengths of 343 nm and 515 nm, and it was shown that the model could accurately predict the
energy distribution as well as the spatial distribution of the actual DMD diffraction orders. The
effective energy utilization ηeff of single order in “blaze” condition at a 34° angle of incidence
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can be optimized up to 88%. This work not only establishes a more comprehensive understanding
of the diffraction performances of DMD, but also provides an effective tool for maximizing the
light energy utilization in DMD-PL.
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