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Fig. 1 Process flow of electron beam lithography GaAs-based micro-nano grating based on multilayer resist
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Table 1 Process parameters of dry etching for SiO, hard mask

Parameter Value
Pressure /Pa 2.7
Ratio frequency (RF) power /W 100
CHF, flux /(mLemin™") 72
SF; flux /(mLemin™") 12
Ar flux/(mLemin~") 5

F 2 ICP TIEZIMh GaAs SEM i T2 58
Table 2 Process parameters of ICP dry etching for GaAs

grating
Parameter Value
Pressure /Pa 2.0
ICP power /W 500
RF power /W 40-70
Cl, flux /(mLemin™ ") 10
BCl, flux /(mLemin ") 5
Ar flux /(mLemin ") 10
N, flux /(mLemin ") 4
Temperature /°C 20
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Fig. 2 Schematic of electron scattering in electron beam

photoresist

lithography
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Fig. 3 Influences of resists on pattern of grating photoresist

mask. (a) PMMA A8 resists; (b) multilayer resist
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Fig. 5 Generation mechanism of grass phenomenon. (a) Gas ionization; (b) micro-mask generation; (c¢) micro-mask

deposition; (d) etching
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RF powers
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Fig. 7 Effects of RF power on grating, grass structure, and SiO, hard mask. (a) Effects on grating etching depth and the

ratio of grass structure depth to grating depth; (b) effects on GaAs and SiO, mask etching rate and Si0, mask thickness
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Deep Etching Process of GaAs-Based Micro-Nano Grating Based on
Multilayer Resist

Yang Jingjing, Fan Jie , Ma Xiaohui , Zou Yonggang, Wang Qiqi
State Key Laboratory of High Power Semiconductor Laser, Changchun University of Science and Technology,
Changchun , Jilin 130022, China

Abstract

Objective Due to its high-resolution and precision pattern generation technology, electron-beam lithography has
become a new generation of micro-nano structure processing technology; however, the proximity effect will cause
deformation and distortion of the mask pattern. The common methods to solve the proximity effect include shape
correction, dose modulation, and global horizontal sounding technique. Now, the above methods for solving the
proximity effect are mostly used in studies on silicon substrates; however, relatively few studies on GaAs substrates
with high atomic numbers have been published. Compared with silicon-based gratings, the use of electron-beam
lithography to fabricate micro-nano gratings on GaAs substrates with larger atomic numbers is more susceptible to
proximity effects. Deep etching of the grating, in particular, necessarily involves a thicker masking resist, which
increases the proximity effect of the electron beam and makes good mask patterns difficult to obtain.

Methods The electron-beam lithography technology was used to prepare deeply etched GaAs-based micro-nano
gratings based on a multilayer resist process in this paper. Plasma enhanced chemical vapor deposition was used to
construct a 100 nm thick SiO, layer on the surface of the epitaxial wafer, and then a 400 nm thick PMMA A4 resist
layer was spin-coated on top of the SiO,. Then, PMMA A4 resist and SiO, film formed a multilayer resist for
electron-beam lithography. After that, a grating structure was obtained by combining electron-beam lithography,
reactive ion etching (RIE) etching, and inductively coupled plasma (ICP) etching. Then, the morphology of the
surface and cross section of the grating structure was analyzed using a scanning electron microscope. The reasons for
the formation of grass in the grating groove during the ICP etching process were investigated to understand the grass
phenomenon. The effect of ratio frequency (RF) bias power on grass, grating, and SiO, film was investigated
further. In addition, the grating structure was used as a distributed Bragg reflection (DBR) grating in the tapered
diode laser, and the spectral characteristics of the device were tested to characterize the properties of the grating
structure.

Results and Discussions The grating structure with a period of 1.00 pm, a duty cycle of 0.45, and a depth of
1.02 pm is successfully fabricated using a multilayer resist process. In electron-beam lithography, the thin PMMA
A4 resist effectively reduces forward scattering, whereas the SiO, film effectively reduces backward scattering,
resulting in high-quality mask patterns [Fig. 3(b)]. Then, the mask pattern is transferred to the SiO, film by RIE
etching technaology (Fig. 4), which provides an effective barrier for the deep etching of the grating structure. The
grass phenomenon is discovered at the bottom of the grating structure during the ICP etching process. The presence
of micro-masks is thought to cause the grass phenomenon based on the analysis of reasons for the occurrence of grass
phenomenon (Fig. 5). In the case of optimized gas ratio, the physical etching mechanism of ICP enhances by
increasing the RF bias power, and effectively eliminates the grass (Fig. 6). This study demonstrates that when the
RF bias power is low, the physical etching mechanism is weak, and the presence of a micro-mask prevents further
etching of GaAs [Fig. 7(a)]. When the RF bias power is increased to 70 W, the micro-mask disappears and the
etching rate of GaAs increases dramatically, and the selection ratio of the ICP etching process to the SiO, mask
reaches 26.9:1 [Fig. 7(b)]. Finally, the micro-nano grating structure is applied to the DBR tapered diode laser,
and the laser output with a wavelength of 1057.69 nm, a side mode suppression ratio of 36 dB, and a linewidth of
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40 pm was obtained (Fig. 8).

Conclusions In this paper, deep etched GaAs-based micro-nano grating structures are prepared using a combination
of electron-beam lithography and ICP etching technology. Electron-beam exposure deforms and distorts the mask
pattern for GaAs-based gratings with small periods, long lines, and deep etching depth due to the severe proximity
effect. Using thin PMMA A4 resist and SiO, film as multilayer resist, the spread range of electron scattering is
effectively decreased and the proximity effect of an electron beam is reduced. A good photoresist mask pattern is
obtained in this scheme, and the SiO, film is used as a hard mask to achieve deep grating etching. Furthermore, the
grass phenomenon during the ICP etching process is eliminated by optimizing the RF power and adjusting the physical
etching mechanism. Under optimized process conditions, the grating structure with a period of 1. 00 pm, a duty
cycle of 0.45, and an etching depth of 1.02 pm is obtained, and the sidewall of the grating is steep and has good
periodicity and uniformity. Simultaneously, the ICP etching process’s selection ratio to the SiO, mask can reach
26.9:1, allowing for the realization of a GaAs-based micro-nano grating structure with a high aspect ratio. This
process provides a reference for the use of electron-beam lithography to prepare deeply etched, high-aspect-ratio
GaAs-based micro-nano structures. Finally, the structure is applied to a DBR tapered semiconductor laser, and a
laser output with a line width of 40 pm was obtained, indicating that the grating structure created by this process has
good model selection performance for the semiconductor laser.
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