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We demonstrate an application of gray scale electron beam lithography (EBL) for the fabrication of polymer waveguides and grating out-
put couplers with depth variable features, using the SU-8 resist. The technique is mainly applicable for multi-level binary profile, where
groove depths of the structure are controlled by choosing a proper exposure dose. Unlike reactive ion etching which is limited by the lag
effect, the gray scale EBL allows free combination of groove widths and depths. Shrinking effect which is critical in polymer couplers'
writing is taken into account and can be compensated. For better fabrication feasibility, the grating couplers can be simultaneously pro-
duced with waveguides with no inter-step alignment required. Therefore, this is a promising technique in manufacturing grating output
couplers for polymer based waveguides with high performance in terms of mode matching/confinement and coupling efficiency. [DOI:

10.2971/j€05.2011.11010]
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1 INTRODUCTION

Microscale optical devices for “Lab-on-a-chip” (LOC) appli-
cation, like waveguides and micro-cavities, using polymer
materials, have been intensively developed due to favorable
optical properties, flexible morphology and low material cost
[1]-[3]. Certain types of output coupling scheme are exploit-
ed to couple light signals from device to fiber or detector. As
a typical solution, grating output coupler can propagate the
light out of the substrate plane into arbitrary direction with
specially designed grating profile. This allows avoiding
cutting the substrate and polishing the facet that is required
for some other schemes like butt coupling [1]. Thus, grating
output couplers have become the mainstream in the area and
numerous investigations to optimize the fabrication of such
design were inspired.

Typical grating output couplers giving high coupling effi-
ciency include the shallow-etched grooves [4], metal lines [5],
curved and chirped gratings [6] and slanted grooves [7]. Alt-
hough most of these designs are based on a silicon-on-
insulator (SOI) technique, they can be adopted to a polymer
based platform with merely geometrical size modification.
Several aspects are in the focus of discussion while translat-
ing technology suitable for SOI platform to polymer based
technique.

Application of the EBL for electron sensitive polymer materials
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offers an obvious advantage, simplicity of manufacturing.
Here the primary pattern (which is only a first step in SOI
fabrication process) defined by lithography is the final func-
tioning device. No inter-step alignment is needed for such
one-batch processes. This could enhance the accuracy and
increase the fabrication speed considerably in a research en-
vironment where the structure design is modified frequently
and fast prototyping of single structure is required. Moreo-
ver, with such fabrication method, it is more likely to get
smooth and sharp sidewalls compared with reactive ion
etched SOI devices. On the other hand, due to lower refrac-
tive index contrast, the coupling efficiency of a polymer grat-
ing is not as high as in SOI grating. In practice, this feature
leads to longer grating length to provide good coupling effi-
ciency. Long polymer gratings with nano-sized features can
suffer from the shrinking effect which should be properly
compensated.

In comparison with standard use of the EBL which is mostly
used for making patterns of the same depth (binary levels), it
is possible to directly make three dimensional polymer struc-
tures with gray scale EBL [8] using the unsaturated dose area
of a resist which has a low contrast, like SU-8 [9, 10]. As re-
ported in this work, the dimension in the vertical direction
(the groove depth of a grating) is independent of that in the
horizontal direction (the groove width) with this technique,
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i.e. we observe no lag effect (correlation between the depth
and width of grating grooves). With gray scale EBL, it can be
avoided by using variable exposure dose. This provides cer-
tain freedom to write grooves with arbitrary depths and
widths, which can help improving the coupling efficiency
and mode confinement [11]. This is an obvious advantage in
comparison with reactive ion etching (RIE) process which
leads to the lag effect deteriorating the performance of a final
device [12].

Similar applications with another resist, PMMA, have been
demonstrated [13]. However, the large exposure dose for
PMMA (usually 50-500 pC/cm?, compared with a dose less
than 3 uC/cm? for SU-8) does not make it suitable for the cas-
es in which active media like dye or quantum dots are doped
in the polymer. The high energy of the electrons is likely to
deteriorate the functionality of the dopants or even bleach
them. On the other hand, a good example which involves
dye doped SU-8 distributed feedback laser was demonstrat-
ed by Balslev et al. [14]. In that case, grating with 200 nm
pitch and 10 nm depth was fabricated by gray scale EBL. It
shows the feasibility of the gray scale EBL for direct fabrica-
tion of SU-8 devices.

Even though polymer gratings with fixed depth made by
gray scale EBL have been reported [13, 14], much less is
known about performance of gray scale EBL (groove depth/
width dependence, fabrication accuracy etc.) in fabricating
polymer gratings with variable groove depths. The potential
of this technique to manufacture grating couplers with even
better performances in terms of coupling efficiency and
mode confinement requires deeper understanding. In this
work, we investigate the application of the grey scale EBL for
fabrication of three dimensional grating output coupler from
SU-8. We show possibility for creating a variable groove
depth profile rather than the fixed depth for the grating [14],
to achieve better functionalities [11]. In our study, we identi-
fy the optimum dose range in which the post-development
resist thickness is nearly linearly dependent on the electron
dose, and the suitable dose value for waveguide writing is
defined. Next, it is found that structures with lower dose
tend to shrink after development, provided that the feature
size of the structure is small and the structure is rather isolat-
ed. We have also fabricated several prototypes of 10 um-
wide polymer waveguide with gratings on it. The pitch of
the gratings is 1.3 um with a filling factor of 50% which are
suitable for working in the telecom band. An aspect ratio of
more than 0.4 can be achieved. We demonstrate that the
groove depth is independent of the groove width, and no lag
effect as with the RIE etching. The groove depth can be varia-
bly tuned from positive value to the negative (convex ribs).
This technique is promising to give 3D polymer grating out-
put couplers with modulated groove depth and high cou-
pling efficiency.

2 EXPERIMENTAL DETAILS

In the beginning of the process, a thin SiO; film with a thick-
ness of 1.4 um is grown on the top of silicon substrate by

plasma-enhanced chemical vapor deposition to act as the
cladding layer for the polymer waveguide. The substrate is
baked on a hot plate in 160 °C for 10 minutes to get rid of the
moisture and make good stickiness between SiOz and poly-
mer photoresist. EBL resist SU-8 2002 (MicroChem, US) is
mixed with cyclopentanone with volume ratio 1:0.3 to de-
crease the viscosity. The mixture is then spin-coated onto the
substrate at the speed of 500 rpm for 5 seconds and subse-
quently 2100 rpm for 30 seconds, which gives a film thick-
ness of 1.2 um. Then a 1 minute pre-bake at 95 °C is taken to
evaporate the solvent.

Electron beam exposure is carried out with a ‘Raith Turnkey
150" SEM and EBL system. An electron acceleration voltage
of 25 kV is chosen for all the exposures. The electron acceler-
ation voltage is a key parameter to control forward and back
scattering, the two types of scattering of electrons in the resist
and substrate. Increasing the electron acceleration voltage
usually intensifies the back scattering with simultaneous in-
hibiting the forward scattering, and vice versa. The forward
scattering, an inelastic collision between incoming electrons
and electrons in the resist/substrate material, has an effect on
the effective beam diameter d; according to the empirical
formula [15]:

di=0.9(R,/ Vp)** (1)

where R; is the thickness of the resist in nanometer and Vj, is
the electron acceleration voltage in kV. For a resist thickness
larger than 1 um (as in this work), a relatively high electron
acceleration voltage is required to get a small ds for writing
the detailed features. On the other hand, the electron acceler-
ation voltage should not be too high in a risk of incurring
excessive back scattering which represents the elastic colli-
sion of incoming electrons with material nucleus and causes
the proximity effect. The proximity effect can induce vital
size and shape errors in periphery of the structures. There-
fore, a moderate electron acceleration voltage of 25 kV is cho-
sen, provided the commonly used voltage value ranges from
5 to 100 kV. As shown later, this voltage did result in clear
and sharp sidewalls of the waveguides with an appropriate
exposure dose. Another important parameter of the EBL is
the aperture size of the electron beam. It determines to a
large extent the precision of exposure for small features.
Here we keep the aperture size of 10 um, almost the smallest
one possible with this machine, to attain the ability of de-
tailed writing. We use electron dose ranging from 0.5
to 3 uC/cm? in order to get a gray scale response of the SU-8
resist. This range is much smaller than those of other EBL
resists like PMMA, ma-N 2405 etc, making SU-8 competitive
for time efficient EBL writing. After the exposure, different
post exposure bake (PEB) temperatures, in particular 45 °C
and 105 °C, were applied to obtain various remaining thick-
ness and resist contrast. All the PEBs were performed
for 1 minute. After that, the patterns were developed with
standard SU-8 developer from MicroChem for 2 minutes,
rinsed in 2-propanol for 10 seconds and blown dry with ni-
trogen.
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FIG. 1 a) SEM image of the dose variation for SU-8 bars with 10 pm width and 10 pm gap. b) SU-8 film thickness versus the electron beam exposure dose for different PEB

conditions. The dashed black line shows the film thickness before exposure.

3 RESULTS AND DISCUSSION

3.1 SENSITIVITY AND CONTRAST TEST

Figure 1a) shows 26 SU-8 bars with linearly increased dose
from 0.5 to 3 uC/cm?. This is a typical pattern used for dose
response test of photoresist. The width of each bar is 10 um
and the gap between adjacent bars is 10 um. The remaining
resist thickness with different PEB conditions is plotted in
Figure 1b). One can see that for the dose range suitable for
groove depth control of 3D gratings, the remaining thick-
ness increases almost linearly while exposure dose is
changed from 1 to 2 uC/cm? The remaining thickness
reaches the original thickness around 3 pC/cm? for 105 °C
PEB, while it is only half of the original thickness for the
same dose with lower PEB temperatures. Thus, a lower
PEB temperature gives a lower resist contrast which is a
merit for gray scale writing. However, in other experi-
ments, we use the 105 °C PEB for all the tests in order to
keep the dose as small as possible and, meanwhile, have
the largest differences in the remaining thickness. Figure 2
gives a close view on the bars under high PEB temperature
(105 °C). We can see that for the low dose range, the width
of the bar increases with the dose (Figures 2a) and 2b)) un-
til 1.6 uC/cm? where the width reaches the nominal value
of 10 um (Figure 2c). After that, overexposure occurs and
the border of the bars loses its sharpness (Figure 2d)).
Therefore, the dose for the 1.2 um thick waveguide writing
should not exceed 1.6 uC/cm? to ensure sharp sidewalls.

It is worth to notice that SU-8 is an extremely sensitive
photoresist. It needs less than 3 pC/cm? to be sufficiently
exposed, compared to other commonly used resists, such
as ZEP520A (60 puC/cm?), ma-N 2405 (120 uC/cm?) and
PMMA (50-500 pC/cm?). This can be substantial merit
when active media like dye or quantum dots are doped in
the polymer structure. The high sensitivity of the resist,
and low exposure dose as a consequence, helps to prevent
the active media from being deactivated by large electron
energy.

3.2 SHRINKAGE OF WIDTH IN 3D STRUCTURES

Another significant feature of the gray scale EBL is that expo-
sure dose influences not only the remaining thickness, but
also the footprint feature size in the substrate plane. Shrink-
age is found with low dose. This effect can be easily under-
stood concerning the negative tone feature of SU-8. With a
low dose, electrons fail to spread into the edge of the patterns
and it renders the resist to be underexposed. Meanwhile, this
effect should not be ignored for waveguide and grating cou-
pler applications where geometrical size is directly related to
mode profile and coupling efficiency. For the 105 °C PEB
condition, it is noted that the boundary between underexpo-
sure and overexposure lies around 1.5 - 1.6 uC/cm? where the
remaining thickness has not fully reached the original film
thickness (only 80%). Therefore, it is better to use an original
film thickness larger than the required thickness in real ap-
plications to compensate the shrinkage with simultaneous
preventing from overexposure.

The existence of shrinking effect may bring considerable er-
rors to microstructures, especially to those with small feature
sizes. Figure 3a) shows a 4-period 3D grating with high dose
bars (HDB) and low dose bars (LDB) interleaving. The dose
for HDB and LDB are 2.4 and 0.5 uC/cm?, respectively. The
nominal bar widths for both are 650 nm. The temperature of
105 °C for PEB is applied. An actual width obtained for the
HDB (665 nm) is close to the nominal value, which is con-
sistent to that shown in Figure 2. However, the width for the
LDB is only 441 nm, just 68% of the nominal value due to the
shrinking effect. Faultages left by shrinkage can be clearly
seen (inset of Figure 3a)). Shrinkage is also found in the di-
rection along the bar. Another 4-period 3D grating with the
same dose profile but wider bar width (2 um) is shown for
comparison (Figure 3b)). The shrinkage effect is found to be
less pronounced in larger structures (only 10% shrinkage in
the LDB).

The minimum impact of shrinking on such components can
be clearly seen in Figure 4. Here we demonstrate one of two
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FIG. 2 Closer SEM images of SU-8 bars (shown in Figure 1) with different doses (uC/cm?): a) 0.5-0.7; b) 1.0-1.4; ¢) 1.4-1.8; d) 2.8-3.0. The PEB temperature is 105 °C. The meas-

ured bar widths are shown in the images.

- - 2om EHT = 25.00 KV Date :25 Fob 2010
anova Nanc-Fab-Lab b WD= 48mm  Aperure Size = 30.00 um Time 116:09:47
Mog= SS9KX GUan VEuum = 3 360009 mbar

EHT = 25.00 KV Date 25 Fab 2010
WO= 48mm  Aperure Size =30.00um Time 155757
Gun Vacuum = 341009 mbar

a) b)

FIG. 3 SEM images of 4-period SU-8 gratings with a) 1.3 um and b) 4 pym pitch. The nominal groove widths are half of the pitch size for both. Severe shrinkage is observed in
a); the obtained groove width is only 68% of the nominal value. The inset in a) shows the resist layers left by shrinking. The shrinkage is less prominent in b) with a larger

feature size; only 10% groove width shrinking is found.

10-period 3D gratings, i.e. with controllable groove depth, and from a tilted angle are shown in Figures 4a) and b), re-
which serve as input and output couplers for a long wave-  spectively. The exposure dose for the groove area is 0.5 uC/cm?,
guide with 10 um width. The SEM images taken from the top  and the dose for the main part of the waveguide is 2.4 pC/cm”.
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FIG. 4 SEM images from a) top and b) a tilted angle of a 10-period SU-8 grating with fixed groove depth on a waveguide. The dose for the groove is 0.5 pC/cm? and for the

waveguide is 2.4 pC/cm?.

Although 2.4 uC/cm? is not an optimized dose for waveguide
writing as discussed before, it may yet be accepted for
demonstration purposes of the gray scale EBL. This time, no
obvious shrinkage in the longitudinal direction of the struc-
ture is found.

The shrinkage in the in-plane directions (i.e. the longitudinal
direction and the transversal direction) comes most probably
from the cross-linking of SU-8 [16]. This effect is especially
distinct for isolated structures with a small feature size, as in
Figure 3a). For structures embedded in large exposed area
(Figure 4), however, the shrinking can be counteracted by the
stress from the cross-linking of the large area (i.e. the wave-
guides on both sides of the grating in this case) and thus the
size of the obtained structure is more close to the nominal
value. It is even better if the large exposed area is symmetri-
cally distributed around the structure in order to equalize the
stresses from both sides. Therefore, in practice, it is advised
to have symmetrical building blocks on both sides of a di-
rectly written grating. Alternatively, one can consider having
larger original size to compensate the shrinking effect. Re-
markably, the shrinking effect shows up anyway in the trans-
verse direction that can be seen as slightly shorter width of
the groove area in comparison with the waveguide. A factor
of 1.1 in this direction has been applied to the grooves to suc-
cessfully compensate the shrinkage. It is worth noting that
the proximity effect (discussed in Section 2) may also induce
dimension error in EBL defined SU-8 structures besides the
cross-linking of SU-8. The difference is that the proximity
effect influences mostly the size in the vertical direction ra-
ther than the in-plane directions. Due to the proximity effect,
the thickness of the waveguide in Figure 4 turns out to be 9%
higher than the thickness of the HDB in Figure 3a) even
though they were assigned the same electron dose.

3.3 COMPENSATING FOR LAG EFFECT AND 3D GRATING
WITH VARIABLE GROOVE DEPTH

In this section, we first apply the same dose (0.3 uC/cm?) to

all the grooves to imitate the situation with RIE process and
meanwhile varied the groove width as 4 um, 2 um, 1 pum,
0.5 um to investigate the dependence of the resulted groove
depth on the groove width. A SEM image of the grating cross
section (Figure 5) reveals that the groove depth increases
with the groove width, which resembles the lag effect in RIE.
This can be attributed to both the cross-linking of the resist
and the proximity effect. On the one hand, grooves with
small width possess lower resistance to the tension from the
neighboring area with high dose, compared with grooves
with large width. On the other hand, grooves with small
width are more likely to be influenced by the back-scattered
electrons from the surrounding areas and subsequently show
a high thickness due to over-exposure. Nevertheless, this
phenomenon can be avoided by assigning a lower dose to
the small width grooves and a higher dose to the large width
grooves, thank to the wide dose response range of SU-8. As
shown in Figure 6, three 2 um-wide grooves ((al)-(a3)) are
assigned with a dose of 0.9 uC/cm’, yielding a small groove
height that is almost only half compared with that of another
group of grooves ((b1)-(b3)) with 1 pm width and 0.1 uC/cm?
dose. Therefore, the lag effect is totally avoided. Further-
more, one can even obtain grooves with negative depth (i.e.
convex ribs) by assigning the groove a dose that is higher
than the main structure of the waveguide. Figure 7 shows
three 1 um-wide ribs (3 uC/cm?) together with three 1 pm-
wide grooves (0.1 uC/cm?) on the same waveguide (1.2 uC/
cm®). This can be quite complicated task, if possible at all, in
the RIE process. However, it can be realized with high accu-
racy and fast speed with gray scale EBL.

With the examples above, it is easy to see that groove depths
are independent of groove widths in gray scale EBL process,
namely the lag effect does not exist anymore. One enjoys
both the freedom of depth/width combination of grating
trenches and precise control of the dimensions since the dose
can be adjusted continuously. To demonstrate the flexibility
of the technique in real grating fabrication, we make two set
of gratings with variable groove depth and same groove
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FIG. 5 SEM image of four grooves (cross section view) with the same dose (0.3 pC/
cm?) but different widths of (1) 4 ym, (2) 2 pm, (3) 1 pm, and (4) 0.5 um. The dose
for the main structure of the waveguide is 2.4 pC/cm2. The PEB condition is 105 °C
for 1 min. It shows that the depth of the groove increases with the width of it (the
insets show the depth of groove (1) is 287.9 nm and the depth of groove
(3) 171.2 nm), provided the dose is kept constant, which resembles the lag-effect

in RIE etching.
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FIG. 6 SEM image of grooves ((a1)-(a3), cross section view) with large width (2 pm)
and high dose (0.9 pC/cm?), together with grooves ((b1)-(b3) with small width
(1 pm) and low dose (0.1 uC/cm?2). The dose for the main structure of the waveguide
is 2.4 pC/cm2. The post exposure baking is taken under 105 °C for 1 min. The insets
show the depth of (a1)-(a3) is 160.3 nm and the depth of (b1)-(b3) 299.2 nm. It is
demonstrated that by a carefully designed dose assignment, an anti-lag situation

can be achieved (smaller groove width with larger groove depth).

width. The SEM images of the cross section for the two grat-
ings are shown separately in Figures 8a) and 8c). There are
ten grooves in Figure 8a) with linearly increased dose from
0.5 to 2.3 uC/cm’ and the same width of 650 nm. The dose for
the main waveguide is 2.4 pC/cm2 (inset of Figure 8a)). The
other set of grating in Figure 8c) has the same dose distribu-
tion and width for ten grooves but a smaller dose of 1.2 pC/
cm? for the waveguide (inset of Figure 8c)). To eliminate the

= —

L3 |
. H1=185.9nm

o
. H2=4402nm
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WD= 3mm
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Date 119 Jul 2010
Time :10:58:28

FIG. 7 SEM image of ribs (cross section view) with width of 1 pm and dose of 3 pC/

cm?, together with grooves with width of 1 pm and dose of 0.1 pC/cm2. The dose for
the main structure of the waveguide is 1.2 uC/cm. The PEB condition is 105 °C for
1 min. The insets show the height the ribs is 185.9 nm and the depth of the grooves
440.2 nm. It demonstrates the potential to make complex output coupling grating

scheme utilizing the gray scale EBL.

vision unclearness of the groove depth induced by the scal-
ing, we also take atomic force microscopy (AFM) images of
the two gratings (Figures 8b) and 8d)) with proper scale ad-
justment of the two dimensions. Both the SEM and AFM im-
ages show that the profiles of the gratings follow well with
the applied dose profiles (inset of Figures 8a) and 8c)), while
the width of the grooves are kept constant. Specifically, the
groove depth of the second set of grating, measured by AFM,
versus the exposure dose is plotted in Figure 9. A linear in-
crease of the groove depth with the dose is observed be-
tween 1 and 2 p.C/sz, verifying the result in Section 3.1. It
demonstrates that the linearity of the groove depths within
this dose range is valid not only in free-standing structures
(Figure 1) but also in real output coupler prototypes with
waveguide integrated (Figure 8c)). The influence by the
waveguide is negligible. Therefore, this dose range can be
utilized to have precise control of the groove profiles.

4 CONCLUSION

We investigated the sensitivity and contrast response of SU-8
in the range of low exposure dose for gray scale electron
beam lithography to fabricate waveguide and grating output
couplers using polymer material. The dose less than 1.6 uC/cm®
with 105 °C post exposure bake is found to be suitable for
waveguide writing, while the dose ranges from 1 to 2 uC/
cm? for groove depth control. A shrinking effect may affect
the accuracy of fabrication for isolated structures with nano-
scale features. On the other hand, it can be diminished by a
larger total pattern size with same features. As an example,
we demonstrated simple and accurate prototyping of poly-
mer based waveguide and grating output coupler with fixed
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FIG. 8 SEM images of a 10-period SU-8 grating (cross section view) with variable groove depth on a waveguide with a) 2.4 and c) 1.2 uC/cm? dose. The groove widths are
650 nm for both. The PEB condition is 105 °C for 1 min. The insets show the grooves dose assignment for the two gratings, respectively. AFM images of structures in a) and c)
are shown in b) and d), respectively. Because the depth of the grooves is much smaller than the dimensions in the horizontal direction, the scales of the coordinate in the

AFM images are readjusted to give a more intuitive view of the groove profile. For the grating shown in c), grooves with larger dose than the main waveguide turn out to be ribs.

or variable groove depth using the gray scale EBL. The lag 1=

effect (persistent for reactive ion etching with fabricating of
SOI structures) is totally avoided with this technique. It al-
lows free combination of groove width, depth and shape.

The 3D polymer component made with gray scale EBL reveal
certain advantages in comparison with SOI structure of simi-
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50|
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lar class: its fabrication is faster, simpler, and cheaper, which i

is essentially important for research and prototyping pur- 100
pose, where a lithography mask is typically used only once;
this technique provides better accuracy in matching various
components with different relief depth since one-stage pro- 200

0.4 0.8 1.2 1.6 2 2.4

cess does not require additional alignment unavoidable in Bxposure dase [uCica|

150

multi-stage fabrication; finally, fabrication of structures with
arbitrary variable depth cannot be realized in one-stage pro-
cess for SOI components, where reactive ion etching is in-
volved.

Summarizing, this is a promising tool for manufacturing 3D
polymer gratings, nanoimprinting stamps and nano-

FIG. 9 Groove depths (measured by AFM imaging) for the grating shown in Figures 8

(c) and (d). A linear increase range between 1 and 2 puC/cm? is observed.
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