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Mass production of hybrid silicon/porous silicon substrates requires a simple, low-cost, and reliable

patterning process to locally form porous regions on silicon wafers. An innovative masking tech-

nology based on plasma-polymerized fluoropolymer (PPFP) has been proposed as a promising can-

didate. However, the use of PPFP film on silicon substrate requires an adhesion promoter which

may cause several side effects, including film peeling-off and pinhole formation. This work aims to

improve the adhesion strength without using the adhesion promoter. The present study shows that,

by adopting a hydrogen-terminated surface and an optimized gas precursor composition of 25/25

sccm CHF3/C2H4, good adhesion of PPFP to silicon is obtained before and during porous silicon

formation. PPFP mask deposited at high pressure shows well-defined borders after anodization.

Finally, an optimized PPFP-based patterning process is proposed. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4953088]

INTRODUCTION

Production of high quality porous silicon (PS), by elec-

trochemical anodization, is important to further extend the

functionality of silicon technologies.1,2 Owing to its remark-

able properties such as high surface to volume ratio, size

controllability, insulation, and biocompatibility, numerous

applications based on well-engineered PS have been demon-

strated in many different fields,3 including microelectronics,

bioengineering, medicine, chemical sensing, etc. However,

for many of the above mentioned applications, it is essential

to form PS in predefined regions.4–11 Synthesis of patterned

PS is usually achieved by masking a silicon substrate with a

layer of etching resistant material.12

For a short-duration anodic etching, conventional mask-

ing layers, such as photoresist13 and silicon dioxide,14 are

quite convenient, and the corresponding masking procedures

are well mastered in the semiconductor industry. However,

for a long-duration anodic etching (up to several hours), only

a few materials can survive in HF-based etching environment.

In the literature, different kinds of HF resistant materials have

been tested and proposed as a masking layer for deep PS for-

mation.13–28 Among them, silicon nitride (SixNy),15,16 bilayer

of polycrystalline silicon/silicon dioxide,18,22 or tri-layer stack

of poly-Si/SixNy/SiO2
12 are the most widely used masking

materials due to the maturities of deposition techniques and

the compatibility with current silicon processing. However,

the common drawback of all these masking materials is the

complicated post-etching mask removal procedures when

bare silicon surface is ultimately required.12

Plasma-polymerized fluoropolymer (PPFP) is a group of

functional polymer materials synthesized via glow dis-

charges, which can be easily coated on various substrates

with different dimensions and morphologies.29 By carefully

choosing gas monomer and kinetic formation parameters

such as RF power input, gas pressure, etc., it is, indeed, pos-

sible to synthesize PPFP with desired characteristics.29 The

recent work by Defforge et al.27 has indicated that, by co-

synthesizing trifluoromethane (CHF3) and ethylene (C2H4),

PPFP with excellent HF resistance is deposited on silicon

wafers. As an organic material, this film enables a rapid O2

plasma removal with a minor damage on the PS layer (near-

surface oxidation). Consequently, the PPFP has been pro-

posed as a promising material for PS patterning. However,

the successful application of this material for PS masking

has to overcome some important challenges, including its

poor adhesion to the silicon substrate during anodic etching.

The intension of improving the adhesion of similar fluo-

ropolymer to the silicon substrate has attracted considerable

research interest for many years. In general, two methods

have been proposed in the literature: (i) an adhesion pro-

moter30 and/or (ii) a surface-activated substrate.31,32 The for-

mer method was used in previous experiments described in

Ref. 27. A thin hydrocarbon layer was pre-deposited on the

silicon substrate by introducing C2H4 plasma before PPFP

synthesis. This layer resulted in high adhesion strength

between PPFP and silicon during the deposition process

and later anodic etching. However, the use of this plasma-

polymerized adhesion promoter may be accompanied by

several side effects.

As indicated by Niinomi et al.,33 in addition to the film,

plasma-polymerization of C2H4 may lead to other form of final

products, e.g., amorphous polymer powder. Fig. 1 presents an
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example of such unintentionally formed structure. After 1 min

deposition in ethylene plasma, apart from a dark blue film, par-

ticles can be randomly observed on the silicon surface.

Additionally, some sheets of polymer film were detached from

the parent substrate, leaving unprotected spots at the surface.

If PPFP synthesis is subsequently performed upon this inho-

mogeneous layer, several related defects could be encountered

during anodic etching. The particles between the PPFP layer

and the substrate may induce local breakdown of the PPFP

film leaving pinholes on the mask and micrometer-scale

porous areas on the Si substrate. The PPFP film deposited on

the bare silicon surface is likely to be peeled during anodic

etching due to the absence of the adhesion promoter.

In order to eliminate the aforementioned side effects, a

uniform adhesion promoter is certainly required. However,

the optimization appears as a daunting task, because the form

of plasma-polymerized C2H4 can be strongly affected by flow

rate, pressure, RF power, and even by reactor structure.34 As

aforementioned, a simple and reliable process, compatible

with industry production, is needed. Hence, an unstable adhe-

sion promoter is clearly not acceptable. For this reason, the

pretreatment of silicon substrate is investigated in this work

in order to obtain a surface-activated silicon substrate, which

provides an alternative method to enhance adhesion strength.

The PPFP synthesis is optimized by adjusting deposition pa-

rameters such as the ratio and flow rates of CHF3/C2H4, pres-

sure, and RF power. A battery of tests (HF immersion with

no bias and anodic etching) are performed to assess the qual-

ity of PPFP mask.

EXPERIMENTAL

Materials

(100)-oriented CZ single-crystalline wafers with native

oxide surfaces were used. The as-received wafers were pol-

ished on one side and doped as pþ type (resistivity 0.01–0.02

X cm). The wafer thickness was between 493 and 523 lm,

and the diameter was 6 in. The silicon wafers were sliced

into square pieces of 3 � 3 cm2 in size. In order to remove

the possible surface contaminants, the silicon samples were

first cleaned by isopropanol and then rinsed with a deionized

water. Thereafter, the Si samples were dried in a nitrogen

stream.

Preparation of hydrogen-terminated silicon surface

A 1:1 (in vol.) solution of 50 wt. % hydrofluoric acid

and deionized water was used for the preparation of

hydrogen-terminated silicon (H-Si) surface. 2 min immersion

time was sufficient to produce a uniform H-Si surface. After

being rinsed with the deionized water and dried with the

nitrogen stream, the H-Si sample was immediately mounted

for PPFP coating.

PPFP synthesis

Plasma polymerization, deposition on pristine (native

oxide-covered) silicon and H-Si surfaces were carried out in

a reactive ion etching system (Corial 200IL). CHF3 (25–100

sccm) and C2H4 (5–25 sccm) were used as reactive mono-

mers for plasma polymerization. A wide range of RF power

FIG. 1. Surface morphology of plasma-polymerized C2H4.

FIG. 2. Process flow of local PS for-

mation via PPFP-based mask. (a) H-Si

surface prepared by HF etching. (b)

PPFP deposition. (c) Photolithography.

(d) Mask opening via O2 plasma. (e)

Anodic etching. (f) Mask stripping via

O2 plasma.
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(50–200 W) and gas pressure (25–100 mTorr) were studied.

The cathode temperature was controlled using back-side he-

lium cooling and set at 20 �C for all experiments.

HF immersion test

HF immersion test is a simple method to evaluate the

adhesion of PPFP to the silicon substrate in HF-based envi-

ronment. Samples fully coated by PPFP film were immersed

in a 50 wt. % HF solution during 2 h. If a complete peeling-

off was observed, the corresponding duration was noted.

Otherwise, the surface morphology of the samples was

examined by optical microscopy.

PS patterning and anodic etching

Fig. 2 shows the process flow of PS patterning proce-

dures using PPFP as a mask layer. After the deposition of

the PPFP thin film (cf. Fig. 2(b)), a 2.3-lm-thick photoresist

OIR 906-17 (FUJIFILM) was directly spin-coated, then fol-

lowed by a standard photolithography procedure (cf. Fig.

2(c)). The mask was then subjected to O2 plasma to locally

expose silicon regions (cf. Fig. 2(d)). During this step, the

FP mask etching duration was carefully monitored to fully

expose the “opened” silicon regions while keeping sufficient

masking material on the “blind” regions. An in-situ laser

system was used to determine the endpoint of mask opening.

Thereafter, the remaining photoresist and the underlying

PPFP served as the mask for PS formation (cf. Fig. 2(e)).

The anodic etching was carried out in a double-tank anod-

ization cell filled with aqueous 30 wt. % HF: 25 wt. %

CH3COOH electrolyte. Current density was maintained con-

stant during the entire anodic etching process. Etching dura-

tion was varied from 15 to 120 min. After anodization, the

silicon samples were rinsed and then dried on a hot plate

at 150 �C in ambient air. Subsequent mask stripping was

performed by O2 plasma during 2 min to entirely remove the

masking layer (cf. Fig. 2(f)).

Characterization

The thickness of PPFP film was measured by a spectro-

scopic ellipsometer (SEMILAB SE-2000). Optical microscope

and scanning electron microscope (SEM) were used to acquire

surface morphologies and cross-sectional profiles of PS.

RESULTS AND DISCUSSION

For the application as a masking material on the silicon

substrate, the deposited PPFP layer should exhibit good ad-

hesion with the silicon substrate during electrochemical

anodization in the HF-based electrolyte. In order to evaluate

the behavior of polymer in HF rich environment, the method

of HF immersion without bias was used to determine the

effect of silicon surface chemistry. Since gas composition is

the principal parameter to control the characteristic of PPFP

films, the ratio of CHF3/C2H4 was primarily optimized for

subsequent experiments. Afterwards, the effects of kinetic

formation parameters, including gas pressure and RF power,

are discussed separately.

Effect of hydrogen-terminated surface

Polymer films synthesized with various CHF3/C2H4 ratios

were deposited on both native oxide-covered and H-Si surfa-

ces. Under equal deposition conditions, the measured thick-

nesses of PPFP layers via ellipsometry showed no difference

between native oxide-covered and H-Si surfaces. However,

the different natures of substrate surfaces affected markedly

the adhesion of polymer layer to silicon in HF solution.

Tables I and II summarize the experiment matrix and

the results of HF immersion test. It is clear that, comparing

to silicon covered with native oxide, H-Si surface gave rise

TABLE I. Flow rate of CHF3 (FCHF3), flow rate of C2H4 (FC2H4), measured thickness (e) of resulting PPFP film as well as the corresponding result of the HF

immersion test. The rest of the deposition parameters are maintained constant; the pressure at 100 mTorr, the RF power at 100 W, and the deposition duration

at 5 min.

FCHF3 (sccm) FC2H4 (sccm) e (nm)

Peeling time

Native oxide H-Si surface

50 5 273 �50 s �2 h

10 286 �6 min 45 s > 2 h; several defects, polymer at border peeled off

15 278 �25 min � 2 h; a few micrometer-scale defects

20 288 > 2 h; most polymer peeled off, only a few fragments left � 2 h; a few micrometer-scale defects

TABLE II. Flow rate of CHF3 (FCHF3), flow rate of C2H4 (FC2H4), measured thickness (e) of resulting PPFP film as well as the corresponding result of the HF

immersion test. The rest of the deposition parameters are maintained constant; the pressure at 50 mTorr, the RF power at 150 W, and the deposition duration at

5 min.

FCHF3 (sccm) FC2H4 (sccm) e (nm)

Peeling time

Native oxide H-Si surface

25 25 311 � 2 h; a few micrometer-scale defects � 2 h; no obvious defect

50 276 �50 min � 2 h; no obvious defect

75 250 �8 min 20 s > 2 h; a few defects at center, polymer at border slightly peeled

100 241 �2 min 40 s > 2 h; several defects at center, polymer at border all peeled
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to higher adhesion strength. Previous researchers have attrib-

uted this effect to the reactive nature of the dangling bonds

on the H-Si surface.31 During the plasma polymerization

process, active sites can be formed on the substrate surface

by scission of the H-Si bonds via interactions with radicals

and deep-UV light generated in the plasma, thereby leading

to a surface-bonded polymer film.

Effect of the ratio and flow rates of CHF3/C2H4

Surprisingly, the ratio and flow rates of CHF3/C2H4 also

showed remarkable influence to the adhesion strength of

polymer to silicon in a HF solution. As it can be seen from

Table I, CHF3 was maintained at a constant flow rate (50

sccm) while C2H4 was augmented from 5 to 20 sccm. By

applying 100 W (RF power) and 100 mTorr (pressure), the

deposition rate appears to be insensitive to the addition of

C2H4. However, in spite of their similar thicknesses, PPFP

films, deposited with various CHF3/C2H4 ratios, showed

different behaviors in HF solution. The differences of peel-

ing time were emphasized when deposition was performed

on native oxide-covered silicon. As indicated in Table I, for

gas composition of 50/5 sccm CHF3/C2H4, the resulting

polymer film delaminated very quickly from native oxide-

covered silicon (less than 1 min). By raising the flow rate of

C2H4 to 20 sccm, the peeling time of polymer was more than

2 h. Thus, the adhesion strength of PPFP film to silicon can

be enhanced by increasing the addition of C2H4.

A similar dependence can be observed in Table II.

While C2H4 was kept at constant flow rate (25 sccm), by

adding more CHF3 from 25 to 100 sccm, the corresponding

polymer films delaminated more rapidly from silicon sub-

strates in HF solution. As discussed above, the reduction of

adhesion strength can be mainly contributed to the increased

addition of CHF3 rather than the decrease of polymer thick-

ness. Thus, the adhesion strength of PPFP film to silicon can

FIG. 3. Deposition rate of PPFP as a function of pressure. RF power setting

is maintained at constant value (100 W).

FIG. 4. Effect of pressure on PPFP-

based mask: (a) and (c) 50 mTorr, (b)

and (d) 100 mTorr. Anodization pa-

rameters: 45 mA/cm2 current density

during 1 h. (a) and (b) are taken after

anodization. (c) and (d) are taken after

mask stripping.

FIG. 5. Deposition rate of PPFP as a function of RF power. Pressure is main-

tained at constant value (100 mTorr).
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be enhanced by decreasing the addition of CHF3. It is note-

worthy that polymer powder was likely to be formed if the

flow rate of CHF3 was less than that of C2H4. As a conse-

quence, the gas composition of 25/25 sccm CHF3/C2H4

seems very promising due to the formation of uniform poly-

meric film and the good adhesion strength of PPFP to the sil-

icon substrate.

Effect of pressure

Pressure in the deposition chamber is an important pa-

rameter which can affect the plasma polymerization in sev-

eral ways, including the distribution of active species, as

well as their residence time and mean free path.29 At high

pressure, due to the long residence time and short mean

free path, plasma polymerization can occur more easily. In

Fig. 3, it is shown that, in the range of 25–100 mTorr, poly-

mer deposition rates increase linearly with the pressure.

In order to determine the effect of pressure on the qual-

ity of etching mask, PPFP layers deposited with two different

pressure values (50 and 100 mTorr) were prepared for anodic

etching. In Fig. 4, it was found that, after anodization, poly-

mer deposited at a relatively low pressure resulted in “wavy

edges” that randomly appeared in different positions (cf. Fig.

4(a)). After mask stripping, the form of porous area reflects

this disordered border (cf. Fig. 4(c)). On the other side, the

FIG. 6. Local PS formation with the

PPFP-based mask. PPFP deposition pa-

rameters: 100 W RF power, 100 mTorr

pressure, 150 s duration. Anodization

parameters: 40 mA/cm2 current density,

45 min duration. (a) and (b) Top views

of the PPFP-based mask before and after

anodic etching, respectively. (c) A

cross-sectional view of selectively

formed PS. (d) A highly magnified SEM

view of a part of (c).

FIG. 7. Local PS formation with the

PPFP-based mask. PPFP deposition

parameters: 200 W RF power, 100

mTorr pressure, 150 s duration.

Anodization parameters: 40 mA/cm2

current density, 45 min duration. (a)

and (b) Top views of PPFP-based

mask before and after anodic etching,

respectively. (c) A cross-sectional

view of selectively formed PS. (d) A

highly magnified SEM view of a part

of (c).
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edge of PPFP mask deposited at a high pressure was well

defined (cf. Fig. 4(b)). Lateral etch under mask was formed

with a clear boundary (cf. Fig. 4(d)). As a result, PPFP de-

posited at a high pressure was selected for the application of

PS mask material.

Effect of power input

Power input is another discharge parameter which

affects the polymerization process. The dependence of depo-

sition rate as a function of RF power is presented in Fig. 5. It

is clear that the deposition rate is also proportional to RF

power. This trend can be explained by two mechanisms.

First, in fluorocarbon plasma, there are two competing

plasma-surface interactions, i.e., fluorine etching versus

polymer deposition. Fluorine can react with solid surfaces

(including polymer) leading to volatile etch products, while

CFx radicals are responsible for polymer deposition.35 The

increase in RF power directly enhances the density of all

active species, including atoms, radicals, and ions. By using

a 1/1 CHF3/C2H4 ratio, the excess of C2H4 ensures very low

density of fluorine. In this case, the concentration of etchant

species is not largely affected by power rising, while the den-

sity of CFx, the known polymer building block, increases

markedly and therefore accelerates the polymerization pro-

cess. Second, the polymer growth is believed to be triggered

by charged particle bombardment.21 In the range of

50–200 W, high power value leads to an increase of self-bias

potential, which promotes ionic bombardment of the surface.

The polymeric surface is activated in this manner, thereby

triggering the continuous growth of polymer chains.

PPFP layers deposited with two different power values

were prepared for anodic etching. As shown in Figs. 6 and 7,

in both cases, masked areas were well-protected. No pinhole

or mask peeling-off was observed after anodic etching.

Furthermore, various etching durations were performed.

The PPFP-based mask could withstand at least 2 h anodiza-

tion duration without any pinhole formation or film peeling-

off. Different thicknesses of PS layers, up to 190 lm, were

successfully obtained. The lateral distance of under-cutting

appears to be a linear function of the thickness of PS (cf.

Fig. 8).

Finally, it can be concluded that the effect of RF power

seems to be limited to the deposition rate. For different

power values, no obvious influence was found on polymer

behavior during local PS formation.

CONCLUSIONS

This study focused on improving the adhesion strength

of PPFP film to the silicon substrate without using the adhe-

sion promoter. Five different parameters related to either sili-

con surface chemistry or PPFP deposition conditions were

evaluated.

Our results demonstrated that, by using H-Si surface and

adjusting gas composition, a good adhesion of PPFP layer to

the silicon substrate could be achieved. The reactive nature

of the dangling bonds on the H-Si surface gave rise to strong

interaction between the polymer film and the silicon sub-

strate. By mixing 25/25 sccm CHF3/C2H4, the adhesion of

polymer film to silicon was further increased.

The investigation of two discharge parameters, pressure

and RF power, revealed some linear dependencies of PPFP

deposition rate. The increases in pressure and RF power both

enlarge the deposition rate. For the application as a masking

material, high pressure was preferred due to the smooth

mask border after anodization, while RF power had no

obvious influence on polymer behavior during anodic

etching.

Finally, local PS formation, up to 190 lm thickness, was

demonstrated. Lateral etch under mask was found to be a

function of the thickness of formed PS and independent of

the mask thickness. Although further investigation needs to

be done on wafer-scale manufacturing, the use of PPFP-

based mask for the PS patterning is very attractive for indus-

try production.
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