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Abstract: We present a new class of simple, cheap and stable grayscale 
photomasks based on the metal-transparent-metallic-oxides (MTMO) 
systems by laser direct writing in metal films. For obtaining high resolution 
and grainless grayscale patterns we developed a refinement method of the 
films, in which the nanometer size effect may play a significant role for the 
improvement. We propose a layered oxidation model and a grain model for 
the mechanism of In- and Sn-based MTMO systems. The masks have a 
wide application wavelength range at least from 350 to 700 nm. Three-
dimensional microstructures have been successfully fabricated by using the 
MTMO grayscale masks. 
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1. Introduction 

The grayscale lithography is an efficient technique for the fabrication of three-dimensional 
(3D) microstructures in the field of micro-electro-mechanical systems (MEMS) and micro-
optics [1–4]. However, the current mainstream techniques for making grayscale masks, i.e., 
high-energy-beam-sensitive (HEBS) glass and chrome on glass (COG) grayscale mask 
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[2,5,6], are often too costly for practical applications, thus the creation of a grayscale mask 
with low cost is of great significance. 

The transparent metallic oxides such as In2O3 and SnO2 are star materials in the photo-
electrical industry owing to their applications in the field of transparent conductive films, for 
example, ITO film (tin doped indium oxide) that has been widely used [7]. In recent years, 
the oxides of In, Sn and Zn are in the spotlight because of the diverse morphologies and 
desired photo-electrical properties of the In2O3, SnO2 and ZnO nanostructures [8]. These 
oxides are also good candidates for gas sensors [9]. Here we present a new application of the 
metals in the field of microfabrication for fabricating novel true grayscale masks based on the 
metal-transparent-metallic-oxide(s) (MTMO) systems, by using the laser direct writing 
(LDW) technique. Only two steps are required in the process of the MTMO mask fabrication, 
i.e., metallic film deposition and laser direct writing in the film. Obviously, the MTMO 
grayscale masks are simple and inexpensive compared with the HEBS glass that has to use 
the costly e-beam writer, or a COG grayscale mask that need multi-steps of high-resolution 
lithography and complicated grayscale calibration. However, fabrication of the MTMO 
grayscale mask is not an easy task because the as-deposited In or Sn films often have big 
grains and rough surfaces. Ostwald ripening is the main reason of the low quality of the films, 
that is, finer grains are unstable and are incorporated into bigger ones via a vapor phase 
process. Therefore, how to prepare a film with fine grains is a key to get high-resolution 
masks. 

The In2O3 or SnO2 formed in the laser-induced oxidation are very transparent in the 
visible and near-ultraviolet (NUV) region down to 350 nm, and the transparency of the laser-
induced patterned films can be largely tuned from that of the oxide to that of the 
corresponding metal, that means these grayscale masks are suitable for common 
photolithography such as I-line lithography. Therefore, in this paper we take In and Sn as the 
samples to study the fabrication of MTMO grayscale mask with grainless and high-resolution 
features, based on a special refinement process of the films developed by us. In addition, we 
also discussed the structure of the MTMO grayscale masks and proposed two models to 
clarify the mechanism of In and Sn grayscale masks, respectively. 

2. Experiments 

2.1 Film deposition and laser direct writing 

The In and Sn films (10-60 nm) were deposited on glass substrates by radio-frequency 
magnetron sputtering with a power of 30 W and pressure of 0.57 Pa. The grayscale mask 
fabrication was performed using a home-built laser direct writer adopted a 532 nm laser 
(Spectra Physics, Millennia Pro 2i) with a repetition rate of 250 Hz and a scan width of 200 
nm, smaller than the focused laser spot size (~350 nm). Pulse widths changed from 30 ns to 
1ms and laser powers changed from 1 to 15 mW were controlled by an acousto-optic 
modulator. A 10-bit bitmap file including all writing parameters and writing path data was 
generated to control the writing process. 

2.2 Characterization 

The optical micrographics of the grayscale masks were taken by optical microscopy 
(Olympus BX-51). Morphology of the films was observed by field emission scanning 
electron microscopy (FESEM, Hitachi S-4800) and field emission transmission electron 
microscopy (FETEM, FEI Tecnai G

2
 F20). Structure of the films was measured by high-

resolution TEM (HRTEM), selected area electron diffraction (SAED) and x-ray diffraction 
(XRD, Philips X’pert Pro). Ultraviolet-visible (UV-vis) light spectra were measured by a UV-
vis-NIR spectrometer (Perkin Elmer Lambda 950). Three-dimensional microstructures were 
fabricated via I-line lithography (SUSS MicroTec) and were observed by scanning electron 
microscopy (SEM, Hitachi S-3400N). 
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3. Results and discussions 

3.1 Preparation of ultra-fine grained In and Sn films and the mechanism of the refinement 

The In and Sn films prepared by common physical vapor deposition methods have big grains 
and rough surfaces when the film thickness exceeds 15 nm. The inhomogeneous morphology 
makes it difficult to obtain high-resolution and grainless grayscale patterns, so that these 
grayscale masks are incapable of making microstructures with smooth surface. The Ostwald 
ripening is the main reason of deterioration of the films. In the ripening process, grains with a 
smaller surface curvature radius have a larger saturation vapor pressure according to the 
Gibbs-Thomson equation [10]: 

 ( ) 0 expp r p
r kT

γ
ρ

 
= ⋅  

 
 (1), 

where p is the vapor pressure between vapour and the grain with a curvature radius of r, p0 the 
vapor pressure of a planar surface, γ the edge free energy per unit length of the two 
dimensional island or grain, ρ the density of the grain and kT the thermal energy. The pressure 
gradient will lead to mass transfer of metal vapour from the small grains to the big ones. This 
process will be accelerated as the small grains get even smaller. Therefore, small grains tend 
to be vanished while big ones are grown even bigger. 

 

Fig. 1. SEM images of different Sn and In films with the same thickness of 20 nm. (a), (b) and 
(c) 20 nm Sn films deposited in one time (20 nm), twice (10 nm×2) and four times (5 nm×4), 
respectively. (d), (e) and (f) 20 nm In film prepared by one time deposition, four times of 
deposition (film not surface oxidized in the deposition intervals) and four times of deposition 
(5 nm×4, with surface oxidation for each layer), respectively. 

In order to prepare fine grained films, the ripening effect should be suppressed. In other 
words, suppress the growth of big grains and promote the nucleation process. Here we give a 
simple method to prepare fine grained and relatively smooth In and Sn films. Our method is 
consisted of successive deposition of several layers of metallic films with a small thickness 
(each layer possess ultrafine grains); a coating on every metal layer is introduced to prevent 
the re-sublimation and growth of the metal grains. Thicker films with fine grains can be 
obtained by multi-layer deposition. Suppression of the ripping effect was easily realized by 
exposing the film in the air, or ventilating oxygen in the deposition chamber during the 
sputtering intervals because an oxide sheath will be formed on the In or Sn grains. For 
instance, a 20-nm-thick In or Sn film can be obtained by one-off, two-layer or four-layer 
deposition with a single layer with thickness of 20, 10 and 5 nm, respectively. The latter has 
the finest grains. As shown in Fig. 1, grain size of the multi-layered films is decreased from 
the original size of around 100 nm to 10-20 nm. Figure 2 shows the schematic illustration of 
the routine method and the refinement for preparing Sn or In films. The oxide coating is one 
or several atomic layer thick so that it does not affect the optical density of the film 
apparently, while is sufficiently effective in suppressing the ripening effect and increasing the 
amount of the nuclei, therefore, a remarkable refinement effect is observed. 
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It should be noted that the deposition interval is not the reason of the refinement, which 
does not happen if films are not exposed to oxygen ambience in the deposition intervals. The 
grain size does not change after four times of deposition without surface oxidation (Fig. 1(e)) 
unless the film was exposed to air in every deposition intervals (Fig. 1(f)). 

 

Fig. 2. Schematic illustration of the metallic films with the same nominal thickness prepared 

by routine method (route 1-2-3-4) and the refinement (route 1-2-3′-4’-5′-6’). The latter is 
composed of two layers of refined grains as a result of the interdiction of homoepitaxy caused 
by the oxide coating on the metal surface. 

3.2 Transparency of the In, Sn, and metallic oxide films 

The transparency of the Sn, In and corresponding oxide films should be discussed to clarify 
the applicable wavelength(s) and how the oxides affect transparency. 

 

Fig. 3. (a) XRD spectra of 20 nm Sn films heated at different temperatures for 5 min, showing 
the phase evolution from Sn to SnO, orthorhombic (o-) SnO2 and finally to tetragonal (t-) 
SnO2. (b) NUV-vis spectra of the films annealed at different temperatures, the t-SnO2 film has 
an OD less than 0.04 from 350 to 700 nm. 

Figure 3(a) shows the phase evolution of the 20 nm Sn films heated at different 
temperatures for 5 min, and Fig. 3(b) shows the optical density (OD) spectra of the films from 
350 to 700 nm. The phase evolution is similar to the reported result [11]. It is known from the 
spectra that the t-SnO2 (sample annealed at 600 °C) is the most transparent, the OD value of 
the t-SnO2 is below 0.04 (T > 91%) even at 350 nm. The t-SnO is the main phase of the 
sample annealed at 400 °C, it has an OD below 0.24 (T = 58%) from 350 to 700 nm. The as-
deposited Sn is opaque and has an OD of 0.65 (T = 22%) at 350 nm. The distinction of the 
OD can be larger by using a thicker film. The results verify that the Sn and tin oxides system 
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is suitable for photolithography in the wavelength range from visible to NUV region down to 
350 nm, covering some commonly used wavelengths such as I-line and G-line. 

In the case of indium, there exists only one stable oxide, In2O3, with the body centered 
cubic (BCC) structure. The In-In2O3 system is simper than the Sn and tin oxides system. 
Figure 4 shows that the annealed In film (In2O3) is very transparent in the visible region. 
Although becomes less transparent with the decreasing of wavelength in NUV region, the 
optical density of the In2O3 film is still small. For example, a 20 nm In film can have a OD 
ranging from 1.10 to 0.10 (T from 7.7% to 79%) at 365 nm in an oxidation process, and the 
OD range of a 30 nm In is from 1.55 to 0.15 OD (T from 2.8% to 71%). The results are 
comparable to the HEBS glass which have an OD range of 0.2-1.2 at 365 nm when using a 15 
kV accelerating voltage of the electron beam [12]. 

 

Fig. 4. NUV-vis spectra of In films with different thicknesses (upper part), and those of the 
films annealed at 350 °C for one hour (below). Spectra of an In film and the corresponding 
In2O3 film are in the same color. 

3.3 Laser direct writing of MTMO grayscale masks 

The grayscale masks were fabricated by using a laser beam. In the interaction of a laser beam 
with a metallic film, the absorption part of the laser’s energy converts to heat, causing 
temperature rise and metal oxidation. The Sn and tin oxides system has been proved to have 
two kinds of distinct oxidation process by using short (< 1000 ns) and long (> 10000 ns) 
single pulse exposure. Under short laser pulse exposure, the surface layer of the Sn is 
oxidized and transformed to a transparent amorphous-SnOx (a-SnOx) coating [13]. 
Complicated components including Sn, SnO, orthorhombic (o-) SnO2 and tetragonal (t-) SnO2 
are found under the long pulse exposure [14]. The distinct difference of transmittance 
between Sn and its oxides (include a-SnOx), and the mixture nature of the film with the 
mixture ratio determined by laser power make the film’s transmittance changeable. Therefore, 
by controlling the laser power, diverse grayscale patterns can be fabricated. Figure 5(a) show 
the transmitted grayscale images of a wolf fabricated in a refined Sn film with good gray 
levels and fine structures, while Fig. 5(b) was fabricated in a common Sn film with big grains 
and rough surface. It is obvious that the non-refined film is incapable for high-resolution 
grayscale lithography. The favorable results of the refinement can be regarded as a nanometer 
size effect: the ultrafine nano-grains have large specific surface ratio, so that the film is apt to 
be oxidized because of the large specific surface energy and short diffusion path of oxygen 
atoms. 

The grayscale patterns can also be fabricated in the In films. Figure 6(a)-(c) shows a set of 
optical images with discrete and continuous gray levels. In the writing process the laser 
powers is below 15 mW and the pulse width is 1.0 µs (Fig. 6(a) and (c)) and 100 ns (Fig. 
6(b)). The brighter areas are exposed by higher laser power. Complex patterns are shown in 
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Fig. 6(d) and (e), with a pulse width of 1.0 µs and 1.0 ms, respectively. Many dot defects are 
observed in the latter. Our experience tells us that the dot defects tend to appear only under 
the long time exposure, typically when the pulse width is longer than 20 µs. Therefore, these 
dot defects can be suppressed easily by using shorter pulses and higher powers. 

The good gray levels and fine structures of grayscale patterns in both Sn and In films 
imply that the MTMO grayscale masks can be used for high-resolution grayscale lithography. 

 

Fig. 5. (a) and (b) Grayscale patterns written in the refined and roughly surfaced 20 nm Sn 
films, respectively. The latter does not reveal fine structures of the wolf. The insets are 
magnified images of the wolf’s eye, clearly showing that the refined film possess much better 
gray levels and finer features. 

 

Fig. 6. (a)-(c) A set of grayscale pattern fabricated in a refined In film. (d) and (e) Complex 
grayscale patterns written under 2.5-10 mW 1.0 µs pulse exposure and 1.5-8 mW 1.0 ms pulse 
exposure, respectively. Image (e) is color-inverted. 

3.4 Structure evolution of the MTMO grayscale masks 

The Sn and tin oxides system has been proved to contain Sn and a-SnOx under short pulse 
exposure or Sn, SnO, o-SnO2 and t-SnO2 under the long pulse exposure (see Fig. 7). An 
original Sn grain is decomposed into several subgrains, which may be in different structures 
thereby influence the transparency of the area. 

In2O3 is used as the main component of the transparent conductive film ITO. It is also the 
sole stable oxide of In, therefore, the In-In2O3 system is much simpler than the Sn and tin 
oxides system. 

Figure 8 shows the bright field TEM images of the as-deposited and laser exposed In 
films. The Moiré fringes in the film exposed at 0.9 mW symbolize the layered oxidation of 
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the metal, i.e., the film is an In2O3/In bilayer. At higher powers, e.g., 1.1 mW, the In film has 
almost been oxidized completely, thus the Moiré fringes are vanished. The results agree well 
with the SAED results shown in Fig. 9. The SAED patterns of an as-deposited In film and 
that exposed at various powers of 0.7, 0.9, 1.1 and 1.5 mW with laser pulse of 200 ns is 
shown in Fig. 9(a)-(e), the diffraction intensity of In decreases meanwhile that of In2O3 
increases with the increasing of the laser power, and at 1.5 mW In has been fully transformed 
to In2O3. The 

 

Fig. 7. TEM images of Sn films exposed under (a) 200 ns and (b) 1.0 ms pulse. There are 
several subgrains in the domain of an original Sn film and they may be in different structures. 

 

Fig. 8. Bright field images of (a) as-deposited 20 nm In film and laser exposed areas of the film 
with powers of (b) 0.9 mW and (c) 1.1 mW. Moiré fringes as a symbol of layered oxidation are 
found in (b). The inset in (b) is a magnified TEM image, showing the Moiré fringes. 

 

Fig. 9. (a)-(e) SAED patterns of 20 nm In films exposed at different laser power with the pulse 
width of 200 ns, showing the phase evolution from In to In2O3. (f) SAED pattern of an In film 
exposed at 0.3 mW, pulse width is 1.0 ms. 
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SAED patterns of 0.7, 0.9 and 1.1 mW all give two phases: In and In2O3, in other words, the 
film is a mixture, verifying the In2O3/In bilayer structure. The structure analysis demonstrates 
that the component formula (In2O3:In) can be controlled by simply tuning laser power so that 
the transparency is controllable as well. Apart from the power, pulse width of the laser beam 
affect the oxidation process as well. Figure 9(f) reveals the SAED pattern of a In2O3/In 
mixture exposed by 0.3 mW with 1.0 ms pulse, the In2O3:In ratio is estimated to be close to or 
higher than that in Fig. 9(c) exposed at 0.9 mW for 200 ns. It can be easily understood 
because long time exposure promotes the metal oxidation. 

3.5 Mechanism of the grayscale features of the MTMO systems 

The mechanism of the grayscale feature of the MTMO grayscale masks can be ascribed to the 
coexistence of the opaque metal and the corresponding transparent metallic oxide(s). 
However, details for the Sn-tin oxides and In-indium oxide systems are different. 

Under the short pulse exposure (<1000 ns) of laser, the Sn grains are transformed to the a-
SnOx/Sn core/shell structures, the gray level is determined by the thickness of the transparent 
a-SnOx. In this case, the LDW of Sn films can be regarded as the layered oxidation, shown in 
Fig. 10(a). This model is only suitable for relatively thin Sn films, typically no more than 20 
nm. The minimum OD is not as small as that exposed under long pulse, for example, OD 
ranging from 0.73 to 0.20 for a 20 nm Sn film under 200 ns pulse, while the latter (1.0 ms 
pulse) can have a wide range from 0.73 to 0.08 [14]. 

When a Sn film is exposed in long pulse (>10000 ns), the Sn grains are decomposed to 
subgrains with a scale of ~ 5 nm. These subgrains can be in different structures, i.e., Sn, t-
SnO, o-SnO2 and t-SnO2, and the t-SnO2 is the most transparent among them. The gray levels 
of the Sn-SnO-SnO2 system are determined by the mixture ratio of different phases. When 
completely transformed to t-SnO2, OD of the film achieves its minimum. Schematic 
illustration of this model is shown in Fig. 10(b). 

 

Fig. 10. Schematic illustration of (a) layered oxidation model and (b) grain model for 
explaining the grayscale features of MTMO systems. Layered oxidation model is suit for In 
and short pulse exposure of Sn (the Sn and a-SnOx system) while grain model is suit for long 
pulse exposure of Sn (the Sn-SnO-SnO2 system). 
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Fig. 11. Simulation of the In2O3/In bilayer’s OD at wavelengths of 365 and 532 nm, showing 
that the film achieves the minimum OD before complete oxidation. In is 20 nm thick before 
being oxidized. The inset shows the OD or T of the In film versus film thickness. 

Indium does not transform to amorphous oxide under short pulse exposure, In2O3 is its 
sole oxide. As has been clarified, the In film is layered oxidized as indicated from the Moiré 
fringes. Therefore, the OD values are determined by the thickness of the In2O3. The 
mechanism of the grayscale feature can be explained by the model shown in Fig. 10(a). 
Simulation of the OD of the In2O3/In bilayer (In film is 20 nm thick before oxidation) at 
wavelengths of 365 and 532 nm is shown in Fig. 11, from which we know the film’s 
transmission achieves its maximum before being completely oxidized. This trend is especially 
remarkable at a short wavelength, at which In2O3 is less transparent. The explanation is 
simple: the OD of the In2O3 film is oscillated with the thickness (In fact, OD of In2O3 is 
decreased with the thickness in our experimental range) while that of the In is almost linear to 
the film thickness (see the inset in Fig. 11). When the film is oxidized, In is even more 
transparent than In2O3 when it is thinner than 4 nm, so that In2O3 contributes the majority of 
the film’s OD. According to this result, the film does not need to be fully oxidized in laser 
writing. 

Regardless the In or the Sn film, the gray level of the exposed area is a function of laser 
power, so that the LDW technique is adequate for making grayscale masks using In or Sn 
films. Our experiment shows LDW of a Sn/In alloy film does not lead to better results than a 
In or Sn film. From another perspective, the good electric transport of the oxides of the Sn/In 
alloy, the ITO, is not what we search for. 

3.6 Comparison of Sn and In films used as grayscale masks 

The low melting point metals In and Sn having very transparent and stable oxide, that’s why 
we choose them as the media for fabricating grayscale mask. Characteristics of the two films, 
however, are not exactly the same. Here we compare the two grayscale masks on OD range, 
energy consumption in mask fabrication and their stability. 

(1) In has a larger OD than Sn with the same thickness. For example, a 20 nm In has an 
OD of ~ 1.1 while the latter has an OD of only 0.65. Generally speaking, we need a larger OD 
range in the MTMO grayscale mask. Although adding film thickness results in a larger OD of 
a metal, it also causes a increase of oxide’s OD, when the oxide’s thickness is below 0.25λ/n, 
where λ is the wavelength of light, n is the refractive index of the oxide. For a SnO2 or In2O3 
film under I-line illumination, it achieves its minimum transmittance at a thickness of around 
45 nm, and the corresponding thickness of metal film is about 35 nm. Moreover, the metallic 
film is hard to be fully oxidized when it is thicker than 40 nm. Therefore, In is preferred, 
although SnO2 is slightly more transparent than In2O3. 

(2) The Sn and a-SnOx system is not a very good candidate using as a grayscale mask 
because this system can be well controlled only when the film is thin (< 20 nm), moreover, 
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the a-SnOx is not as transparent as SnO2 or In2O3. Therefore, we have to use the long pulse 
exposure (> 10 µs) to prepare the Sn-SnO-SnO2 system. The long pulse exposure, however, 
implies high energy consumption and long writing time. Typically, the writing need a laser 

dose of 15-4000 J·cm
−2

. The In-In2O3 system can be obtained by using short pulse exposure. 

The pulse width can be 100 ns (corresponding energy density lower than 1.5 J·cm
−2

) or even 
shorter, so that energy consumption is lower. The difference of the pulse width needed for the 
two MTMO systems may be originated from that the formation of t-SnO2 needs intermediate 
oxides, while In2O3 is directly transformed from In. The results demonstrate that the grayscale 
mask based on In-In2O3 system is more energy-saving. 

(3) With respect to the stability of the two MTMO systems, the oxides involved in our 
study are all stable in the form of thin film, and the metallic Sn grain is coated by a very thin 
a-SnOx layer, while In has a thin In2O3 layer formed in air to prevent further oxidation, 
therefore they are stable. Although SAED measurement reveals the existence of a spot of 
In2O3 in unexposed areas of In film after exposure in air, OD of the film is almost unchanged 
because the oxide layer is rather thin. In addition, we have reported that after several-hour-
heating at 100 °C no change is observed in a Sn film [14], while In film gets slightly more 
transparent (can hardly be detected by naked eyes), and this change can be avoided by using a 
protective layer. Our experimental results show both grayscale masks are stable (graylevels 
are not changed) after long time exposure in air ambience or UV light, demonstrating that the 
MTMO masks are competent for ordinary gray-tone lithography in laboratory. A thin SiO2 
protective layer deposited on the mask can significantly enhance its stability in more rigorous 
conditions. The stability of MTMO grayscale masks needs to be studied further if they are to 
be used in industry. 

3.7 Applications of the M-MTO grayscale masks 

The grayscale mask is typically used for the fabrication of 3D microstructures. We have made 
various 3D microstructures with smooth surface by using the MTMO grayscale masks, as 
shown in Fig. 12(a) and (b). Focusing effect of the microlens array is shown in Fig. 12(c). 
Besides, the MTMO systems can also be used as amplitude gratings or other micro-optics 
with variable amplitude (Fig. 12(d)). 

 

Fig. 12. SEM images of (a) surface relief phase grating with a period of 5 µm and (b) 
microlens array fabricated in a SU-8 film by using MTMO grayscale masks. The inset in (b) 
shows that the surface of the lenses is very smooth. (c) Focusing effect of the microlens array. 
(d) Optical image of a MTMO grayscale pattern, which can be used as an amplitude grating or 
a mask for fabricating surface relief grating. 

4. Conclusion 

We have developed a new class of grayscale photomasks based on the metal-transparent-
metallic-oxides systems and studied the fabrication, mechanism and applications of the masks 
in detail. The masks are fabricated in only two simple steps: film deposition and laser writing. 
The masks are suitable for grayscale lithography in the NUV-vis region at least down to 350 
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nm. The grayscale mask based on the In film presents advantages for having larger OD range 
and lower energy consumption than the Sn film. 3D microstructures are successfully obtained 
using the MTMO grayscale masks. Technologically, the MTMO grayscale masks can be 
obtained easily with a laser writer in air ambience so that our technique provides a cost-
effective approach for the fabrication of grayscale masks and 3D microstructures. 

In this paper, we have discussed the theory and preparation of ultrafine grained metallic 
films those are qualified for the study, as well as the mechanism and two models of the 
MTMO grayscale masks. Performances such as resolution, cost, writing repeatability, effect 
of film thickness and contour accuracy of microstructures in lithography are also very 
important for a grayscale mask and will be further discussed in another work. 
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