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Silicon etching in a pulsed HBr/O2 plasma. II. Pattern transfer

Moritz Haass, Maxime Darnon,a) Gilles Cunge, and Olivier Joubert
LTM (CNRS/UJF-Grenoble1/CEA), 17 Avenue des Martyrs, 38054 Grenoble Cedex 9, France

(Received 29 September 2014; accepted 17 March 2015; published 9 April 2015)

The strong impact of synchronized plasma pulsing on an HBr/O2 silicon pattern etch process is

studied with respect to the continuous process. This article focuses on blanket etch rates and

a detailed analysis of the etched profiles, where several significant features of plasma pulsing

are identified. First, the time compensated (TC) silicon etch rate is increased while the SiO2

TC etch rate is decreased at a low duty cycle, whereby the selectivity between silicon and

SiO2 etching is strongly increased. Furthermore, the thickness of the sidewall passivation layer is

reduced, thereby guiding the etched profile. Finally, the overall homogeneity is increased

compared to the continuous wave etching process.VC 2015 American Vacuum Society.

[http://dx.doi.org/10.1116/1.4917231]

I. INTRODUCTION

Plasmas composed of HBr/O2 are often used for silicon

etch processes such as gate etch processes or shallow trench

isolation etching and, because silicon etching in such chem-

istries is rather well understood, it is a perfect candidate to

study the impact of plasma pulsing upon the gas phase and

the plasma–surface interaction. The goal is to understand the

fundamental differences between a continuous and a pulsed

plasma, and how the changes in plasma creation affect the

resulting pattern transfer. In Paper I, we have demonstrated

the strong impact of plasma pulsing upon the ion flux and

ion energy.1 It was shown that especially the duty cycle (dc)

and not the pulse frequency has a significant impact upon

these parameters.

In this article, we focus on the influence of plasma pulsing

upon the etch mechanisms and the pattern transfer in the

HBr/O2 plasma. Previous experiments have already shown

the reduction of plasma-induced damage in pulsed plas-

mas,2–4 often by using scanning electron microscope (SEM)

imaging, ellipsometric measurements, and x-ray photoelec-

tron spectroscopy (XPS) topographic analysis of the sidewall

passivation layers (SPLs).

Many authors have investigated the etch mechanisms in

HBr/O2 plasmas for silicon and SiO2.
5–13 The fundamental

mechanisms for Si and SiO2 etching are summarized in the

following, wherein a very small percentage of oxygen in the

feed gas stock is considered. Bromine-, hydrogen-, and, to a

minor extent, also oxygen-containing ions hit the silicon sur-

face, dissociate, destroy bonds, and form a halogen-rich

amorphous layer, also called a reactive etch layer (REL),

with incorporated H, Br, and some O atoms. Depending

upon the ion energy, the pressure and the feed gas stock flow

levels, the amorphous layer can vary in thickness and com-

position. Because H atoms are considerably smaller than the

other particles, they may penetrate deeper into the silicon

layer, whereupon Si atoms can desorb owing to collisional

impact or can be incorporated into volatile species such as

SiBr4. Hydrogen-containing molecules such as SiH2Br2 are

even more volatile,13 but the silicon etching is not

spontaneous in HBr/O2 chemistries and a threshold ion

energy of �10 eV is needed13 to allow the etching to pro-

ceed. Because the Si–O bond is stronger than the Si–Br

bond9 and oxygen-containing molecules are less volatile, the

ion-enhanced chemical sputtering rate induced by the plasma

can be decreased if oxygen atoms bind silicon to the layer.

On the other hand, Br and H radicals from the gas phase

adsorb on the surface of the amorphous layer and strongly

increase the formation of volatile Si molecules.

In contrast to silicon etching, SiO2 is etched very slowly.

Because the formation of Si–O bonds is thermodynamically

favored compared to Si–Br bonds, chemically enhanced

etching of SiO2 is minimized. Oxygen atoms are preferen-

tially sputtered from the surface,11,14 leaving free spaces for

Br to form Si–Br bonds and, subsequently, volatile mole-

cules. On the other hand, oxygen atoms from the gas phase

can spontaneously replace Br bonded to Si,5,10,11 strongly

minimizing the formation of volatile products. If SiO2 is

used as an etch mask for silicon, silicon containing species

with a high sticking coefficient, such as SiBr, can be depos-

ited on the surface from the plasma gas phase. While this has

a minimal effect upon the silicon etch, these products can

bind strongly on dangling bonds of the SiO2 surface, thereby

decreasing the effective etch rate.10 Oxygen from the gas

phase can further harden this deposited layer, so an increased

oxygen flow and/or an increase of depositing species can

slow down the SiO2 etch rate.

In comparison, the silicon etching yield is strongly

enhanced by a large surface coverage of Br radicals and the

activation energy is rather low, while the SiO2 etching needs

quite a lot of activation energy even if the surface is fully

covered with Br radicals.15 Therefore, it is likely that, in

most process conditions, the etch rate for silicon is limited

by the Br radical flux while the SiO2 etch rate is limited by

the ion energy and the ion flux.

II. EXPERIMENTAL SETUP

The experiments are carried out in a commercially avail-

able 300mm AdvantEdgeTM DPS etch tool from Applied

Materials, Inc. The plasma is sustained by two inductively

coupled plasma coils (source) powered at 13.56MHz, whilea)Electronic mail: Maxime.Darnon@USherbrooke.ca
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the chuck is biased via a capacitively coupled radio fre-

quency power source (bias) also working at 13.56MHz. The

power supply is modified with the PulsyncTM system to

allow pulsing of the source and bias power with frequencies

between 100Hz and 20 kHz and duty cycles between 10%

and 90%. More details about the etch reactor can be found in

the literature.16

In this article, a synchronously pulsed HBr/O2 plasma at

20 mTorr with a gas flow of 200 (HBr) and 5 (O2) sccm is

investigated for silicon pattern etch applications. The source

and bias power are set to 750 and 200W, respectively.

Etch rates on blanket wafers are acquired by using an ex-

situ small spot, multiangle, laser based, multiwavelength

S300-Ultra ellipsometer from Rudolph Technologies. The

measurements are performed at 25 locations distributed in

circles whose centers are the middle of the 300mm wafer,

with one point taken from the center, 8 from a circle with ra-

dius 48.3mm, and 16 from a circle with radius 96.7mm. For

SiO2 etch rate measurement, 300mm silicon wafers coated

with 85 nm of SiO2were etched for 1min of plasma on time.

For Si etch rate measurements, 300mm silicon wafers coated

with 50 nm of SiO2 and 280 nm of polysilicon were etched

for 40 s of plasma on time.

Furthermore, cross section images of the etched micro-

structures are obtained with a commercially available JSM-

7500 F field emission scanning SEM from JEOL Ltd. In

theory, the maximal resolution is 1.4 nm at an acceleration

voltage of 1 kV, but in practice, the resolution is more likely

to be around 3 nm. Finally, XPS measurements are realized

with a customized Thermo Fisher Scientific Theta 300 spec-

trometer connected under vacuum to the wafer transfer sys-

tem of the etch chamber, allowing the 300mm wafers to be

analyzed quasi in-situ.

Two sets of patterned wafers have been used in this study.

In both cases, the etched stack consists in 300mm p-type

Czochralski silicon wafers coated with SiO2, amorphous car-

bon, and SiO2. The first set of wafers used 80, 300, and

30 nm for the three layers, and was patterned with 193 nm

photoresist. Various patterns were available in the mask, and

we report here only on arrays of equally spaced lines of 80

and 120 nm and on isolated lines with a nominal width of

120 nm. The average open area of the mask corresponds to

approximately 80% of open area. For the second set of

wafers, the thicknesses were 50, 100, and 20 nm for the three

layers and the wafers were patterned with e-beam resist. The

e-beam resist was used to define various patterns on the

mask including arrays of lines with varying width and space

(from 45 to 100 nm with a step of 5 nm). The e-beam pat-

terned area corresponds to approximately 5 � 5 cm2 of the

surface of the wafer, and the remaining of the wafer being

patterned by arrays of line and space defined by 193 nm pho-

toresist, resulting in an average open area of approximately

50% on the whole wafer. For all the experiments, the full

300mm wafers were etched in seasoned chamber conditions,

meaning that a thin SiO2 layer is coated on the chamber

walls before the process. The SiO2, amorphous carbon, and

SiO2 layers are then etched in a three step plasma process

with fluorocarbon-based plasma for SiO2 layers and HBr/Ar/

O2 based plasma for amorphous carbon layer. The remaining

amorphous carbon layer is then removed using an oxygen-

based plasma and a 3 s-long fluorocarbon-based plasma is

used to remove the strip-induced thin oxide from the surface

of the silicon. The silicon is finally etched with the HBr/O2

plasma without additional cleaning or seasoning of the

chamber walls to be representative of a real process

sequence commonly used in the industry. Figure 1 illustrates

the stack and the process flow used for the patterns study.

III. ETCH RATES AND SELECTIVITIES BETWEEN
MATERIALS

Blanket wafer studies were carried out to study etch rates

and etch selectivities between silicon and SiO2. The ex-situ

multipoint automatic ellipsometer is used to give accurate

measurements of the amount of etched material, and also to

give an estimate of the etch process homogeneity across the

wafer because it automatically measures multiple points

across the wafer. The homogeneity of the etch rate across

the wafer is indicated in the graphs in terms of the standard

deviation, r, from the mean value (in %).

By reducing the duty cycle, the process etch rate is

decreased because the averaged ion flux,1 and very likely also

the averaged radical flux,17 are reduced. To compare etch

rates and etched patterns, two concepts can be used. The first

one is to compare etch processes with the same amount of

total plasma on-time tp,on, herein called time compensation

(TC). Compared to the process time in the continuous wave

(CW) mode, tCW, the pulsed process time, tp, is extended

proportionally with the duty cycle dc to tp¼ tCW/dc.

Therefore, the total plasma on time tp,on¼ dc � tp is equal to

the total plasma (on-) time in CW (tCW). In this way, the

instantaneous (during the on-time) and the total used plasma

power remain the same compared to the CW case. With the

concept of time compensation, one can define the time

compensated etch rate (TCER) as the etched thickness divided

by the total plasma on time. In other words, with ER being the

etch rate, TCER¼ER/dc.

FIG. 1. (Color online) Stack and process flow for the pattern etching.
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A second concept, herein named power compensation

(PC), should also be mentioned. In this concept, the source

power is increased according to the duty cycle to achieve the

same average power input as in CW mode to compensate the

reduced ion and radical fluxes (the bias power remains con-

stant). Comparable to the TC concept, the power in pulsed

conditions is therefore Pp¼PCW/dc. This leaves the process

time as it is, but the plasma itself is greatly changed between

different pulse conditions. Even if the ion flux is increased

linearly with the source power, the change in ion density

will also influence the sheath dynamics close to the target

wafer, leading to a decrease in the ion energy.18,19 Also, a

higher source power increases the degree of dissociation, the

plasma neutral species temperature and the relative mixture

of plasma species.

In summary, PC changes several parameters at once,

making it impossible to clearly identify differences in the

process that are only a result of the pulsing. Therefore, only

TCER will be discussed in this study.

A. Silicon etching

1. Etch regime

Silicon is thought to be etched by ion enhanced chemical

sputtering, leading to the formation of volatile SiBrxHy spe-

cies triggered by energetic ions that supply the needed acti-

vation energy and break the Si–Si bonds.13,20 Hence, the

silicon etching can be limited either by the radical flux and

surface coverage (Br, H), or by the ion flux and energy.

Figure 2 shows the etch rate in CW mode for different bias

powers. Each bias power corresponds to a mean ion energy

obtained from the ion energy and flux measurements given

in Paper I.1

The ion flux changes very little with the bias power, and

even if the ion energy is cut in half (at a constant ion flux),

the etch rate decreases only by 11%. This suggests that in

the plasma operating conditions used at 200W bias power,

the etching is essentially working in a neutral limited regime.

In other words, the etch rate is primarily controlled by the

supply of radicals at the silicon surface and less by the

energy brought by the ion on the surface.

2. TCER evolution with the duty cycle

The TCER of poly crystalline silicon (pSi) is shown in

Fig. 3 for various duty cycles, including the relative standard

deviation, r, for 25 measurement points across the wafer.

The TCER of pSi increases strongly (up to 60%) at lower

duty cycles. Because the silicon etching in our plasma oper-

ating conditions seems to be radical-limited, as explained

above, this TCER increase is probably linked to an increased

availability of Br and H radicals on the Si surface. Although

the instantaneous radical flux to the surface is lower in

pulsed conditions, the total surface coverage with radicals

could be increased with respect to the on-time of the plasma

assuming that, during the off-time, radicals accumulate on

the surface.

The homogeneity of the etching follows a similar trend.

The relative standard deviation decreases with lower duty

cycle, indicating a more homogeneous etching attributed to a

more uniform radical coverage at lower duty cycles. One

possible explanation might be the increased off-time

between the plasma pulses where radicals could accumulate

on the surface. If the surface coverage of Br becomes more

saturated, and therefore more homogeneous, approximately

the same amount of silicon can be etched everywhere on the

wafer, limiting the impact of the nonuniformity of the radical

and ion flux (provided that the etching remains radical

limited).

3. TCER evolution with the frequency

Figure 4 shows the TCER of pSi for various frequencies

and the relative standard deviation, r, from the mean value

of all 25 measurement points across the wafer. It can be seen

that the etch rate increases with the frequency and that the

gain increases with decreasing duty cycle, while no signifi-

cant impact upon r can be observed. This evolution is dis-

cussed in Sec. VC.

FIG. 2. Etch rate of poly-silicon in a CW process with various bias powers

(from blanket wafer experiments).

FIG. 3. (Color online) Normal and time compensated etch rates of poly-

silicon from blanket wafer experiments for various duty cycles at a fre-

quency of 1 kHz.
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B. SiO2 etching

While the silicon etching is thought to be radical limited,

the etching of SiO2 in an HBr/O2 plasma depends almost

exclusively upon the ions because the main etch mechanism

is chemical sputtering.5,20 Figure 5 shows the dependence of

the TCER of SiO2 upon the duty cycle and the resulting se-

lectivity toward pSi.

The evolution in the SiO2 TCER can be understood by mod-

eling the evolution of the time compensated etch rate. The results

from ion flux and energy measurements1 for such an HBr plasma

indicate that most of the ions have such a low energy that it may

not be sufficient to etch SiO2 in a significant amount.5 The flux

of highly energetic ions decreases with approximately dc3, but at

the same time, its mean energy increases. The chemical sputter

etch rate is directly proportional to the number of incoming ions,

but depends only upon the square root of the ion energy.21–25

Assuming that only the high-energy component of the flux con-

tributes to the sputtering of SiO2 and the threshold energy is neg-

ligible compared to the ion energy (ETh � E), we can calculate

the change in ER and TCER at a specific duty cycle, dc, for the

average ion flux during the on-time, Cp, and the average energy

during the on-time, Ep, via

ERp

ERCW

¼
Cp

CCW

�

ffiffiffiffiffiffiffiffiffi

Ep

ECW

r

and
TCERp

ERCW

¼
1

dc
�
Cp

CCW

�

ffiffiffiffiffiffiffiffiffiffiffi

Ep

ECW

;

r

(1)

where the subscripts p and CW indicate pulsed and continu-

ous wave parameters.

The resulting evolution, based on the data from Ref. 1, is

shown in Fig. 6 with ERCW¼ 100%, and the approximated

evolution of the normalized etch rate follows the same evo-

lution as observed for the SiO2 TCER in Fig. 5(a). Although

the plasma conditions are quite different for the ion energy

and ion flux measurements (10 mTorr, 1200W source

power, 60W bias power), we assume that the relative evolu-

tion with a change in duty cycle is comparable. The great

differences in the etching mechanisms of Si (with a high

chemical component) and SiO2 (mostly physically etched)

that were discussed in the introduction lead to a strong

increase in selectivity at lower duty cycle values.

IV. REACTIVE ETCH LAYER

The interaction of the plasma process with the wafer is

analyzed via x-ray photoelectron spectroscopy. The immedi-

ate impact of the plasma etching can be observed in the

FIG. 4. (Color online) (a) Time compensated etch rate of poly-silicon from

blanket wafer experiments for various frequencies and (b) the corresponding

relative standard deviation from the mean value.

FIG. 5. (a) Etch rate of SiO2 (mask material) and (b) selectivity of SiO2 with

respect to pSi from blanket wafer experiments.
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reactive etch layer that is formed on the silicon surface owing

to ion enhanced etching reactions of the modified silicon sur-

face and, depending upon the ion energies, the disturbed layer

can exhibit thicknesses up to several nanometers.12,26,27

Although the layer is heterogeneous with a continuous change

in chemical composition, information on the relative thickness

can be obtained from the measured percentage of the bulk sili-

con, where a greater amount of measured intact bulk silicon

(in crystal structure) means a thinner the reactive etch layer.

Figure 7 shows the chemical composition of the XPS signal at

an angle of 46.25�6 3.75� from the REL for various pulsed

plasma conditions. The contribution of the bulk silicon

increases significantly for duty cycles lower than approxi-

mately 50% at constant frequency, indicating a decrease of

the REL thickness. Only very small differences are observable

with increasing frequency at a constant low duty cycle of

20%. It is difficult to identify significant trends for the other

elements in the chemical composition because their percen-

tages and variations are very small.

The REL is formed by the ion-neutral synergy that mixes

the top silicon surface, breaking Si–Si bonds and inducing

the formation of silicon bonded to bromine, hydrogen, and

oxygen. When a steady state etch rate is reached, a balance

is obtained between chemical sputtering of the modified sili-

con layer and the propagation of the reactive layer through

the silicon bulk. It should be noted that for a thick REL, the

ion energy is mainly dissipated in the REL, thereby limiting

ion induced mixing reactions in the underlying silicon bulk.

In summary, it is known that the REL evolution is a function

of plasma operating conditions:28

(1) An increase in ion energy (or ion flux) will increase the

REL thickness because the penetration depth (of ions)

and the amorphization will increase. Furthermore, the

etch reactions become more ion assisted, leaving behind

a reactive layer strongly perturbed, rough and not satu-

rated in halogen based elements.

(2) An increase in the radical flux at constant ion flux and

energy will increase the formation of volatile products,

leaving behind a thinner reactive layer.

In the present case, we assume that the ratio between the

time-averaged radical flux toward the surface and the on-

time of the plasma is strongly enhanced at lower duty cycles.

In other words, the effective amount of radicals on the sur-

face that is available during the on-time of the plasma is

increased. At the same time, the ion flux and mean ion

energy is reduced.1 So, the ratio between the radical and ion

fluxes is largely increased at a low duty cycle and the REL

thickness decreases accordingly.

Oxygen radicals could have a negative impact upon

the etch rate and the REL thickness because they reoxid-

ize the surface by forming SiOx layers,
5,9,11,20 and thereby

increase the stability of the REL. However, the percent-

age of measured oxygen is very low in all conditions,

indicating that its impact is of minor importance for the

REL.

V. SILICON PATTERN ETCHING WITH AN OXIDE
MASK

Based on the presented data, we now discuss and explain

the differences of pulsed silicon pattern etching with an SiO2

hard mask from that of the CW process.

FIG. 6. Approximated sputter yield evolution compared to continuous wave

(100%) results based on the change of high energy ion flux and its mean energy.

FIG. 7. (Color online) (a) Chemical composition of the XPS signal (at

46.25�) from the reactive etch layer for different duty cycles (at 1 kHz) and

(b) frequencies (at 20% duty cycle).
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A. Influence of the oxygen flow

Initially, the impact of the oxygen flux upon the etching

of the bulk silicon in CW mode is investigated. The resulting

etch profiles containing patterns with nominal dimensions of

120 nm for the lines and spaces are presented in Fig. 8, and

actual measured dimensions of the profiles are listed in

Table I.

At a reduced oxygen flow, bowed sidewalls can be

observed, indicating an increased erosion rate of silicon.

This is attributed to a decreased formation of the SPL that is

formed by nonvolatile etch products. Oxygen plays a major

role to form, harden, and protect this layer from erosion by

aggressive radicals formed in the plasma gas phase.5,29–31

Without an external oxygen flow, however, the only oxygen

sources are the SiO2-covered reactor walls, the oxide mask

and possible residual oxygen concentration in the wafer,

which seems to be insufficient to protect the sidewalls from

lateral etching. A detailed study on the sidewall passivation

layer will be given at the end of this article.

Another aspect is the increased consumption of the oxide

mask for lower oxygen fluxes. If more oxygen is available, it

is more likely that the surface is reoxidized and SiO2 bonds

are rebuilt before volatile SiBrx species are created. Also,

the mean ion energy is increased in the case without oxy-

gen,1 which leads to a higher chemical sputtering rate of

SiO2.

Finally, the different geometry and a lower oxidation of

the silicon REL in combination with the increased ion

energy1 may lead to the emerging microtrenching.

B. Influence of the duty cycle

In the etch process, the duty cycle is expected to have a

rather large influence upon the profiles, considering the

results already presented. In Fig. 9, two different patterns are

presented etched at a frequency of 1 kHz and various duty

cycles, comprising isolated lines with a nominal width of

120 nm and a pattern with a line and space width of 80 nm.

Also, measured dimensions of the profiles are listed in Table

II. For a better comparison, time compensated processes are

used (identical total plasma on-time), and in addition, the

isolated patterns are shown after an HF bath that removes

the remaining oxide mask and the sidewall passivation layer.

Each observed feature will be discussed individually in the

following.

1. Etch rate

By reducing the duty cycle, the TCER is increased, simi-

lar to the observation on blanket wafers. As explained previ-

ously, this is probably related to the increased availability of

etch radicals reaching the silicon surface during the OFF

time that then contribute to the etch yield increase during the

ON time.

2. Faceting and consumption of hard mask

The oxide mask is less consumed and faceted at low duty

cycle since the etching of SiO2 is mostly triggered by chemi-

cal sputtering. The TCER increases slightly for a duty cycle

of 75% and decreases strongly afterwards, and as a result,

the selectivity between Si and SiO2 is strongly enhanced.

The results from the blanket wafer etching presented at the

beginning of this article are in a very good agreement with

this behavior.

3. Slope of the etched profile

By decreasing the duty cycle, the slope of the etched pro-

files becomes more and more vertical, which can be attrib-

uted to a thinner SPL on the etched isolated lines. The SPL

is created by nonvolatile Si species that adsorb on the side-

walls and react with oxygen to form stable SiBryOx like

layers.29–32 Analysis of the patterns etched in CW plasma

with a lower flux of oxygen (Fig. 8) confirms that the oxygen

concentration controls the deposition of the passivation

layer. The thinner passivation layer observed at low duty

cycle therefore indicates that less oxygen radicals are avail-

able to combine on the sidewall surface at low duty cycle.

Moreover, the increased availability of etch radicals may

lead to more volatile etch products (with lower sticking coef-

ficients), so that the formation of the SPL is further reduced.

In addition, these etch products are less redissociated in the

plasma gas phase and, thus, are less redeposited in pulsed

FIG. 8. (Color online) Dependence of the etched patterns with dimensions of 120 nm for the lines and spaces upon the oxygen flow in continuous wave mode.

TABLE I. Measured dimensions of the etched profiles presented in Fig. 8.

Oxygen flow

(sccm)

Etched Si

depth (nm),

63 nm

Remaining SiO2

mask (nm),

63 nm

Mean sidewall

angle (deg),

61 deg

5 183.6 44.4 85.6

3 190.2 36.9 86.7

0 190.7 36.9 85.8
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FIG. 9. (Color online) Dependence of the etched patterns upon the duty cycle. (a) Profiles of isolated lines with a nominal width of 120 nm before (top) and af-

ter (bottom) HF bath. (b) Profiles of nested pattern with a line and space width of 80 nm.

TABLE II. Measured dimensions of the etched profiles presented in Fig. 9.

Pattern Before/after HF bath Duty cycle (%) Etched Si depth (nm),63 nm Remaining SiO2 mask (nm),63 nm Mean sidewall angle (deg),61 deg

Line 120 Before CW 180.8 37.9 78.4

Line 120 Before 75 185.5 46.7 79.0

Line 120 Before 50 201.4 56.1 82.6

Line 120 Before 35 224.8 59.8 84.8

Line 120 Before 20 245.3 76.2 87.6

Line 120 Before 10 282.2 67.8 87.6

Line 120 After CW 184.6 78.8

Line 120 After 75 193.0 78.9

Line 120 After 50 195.3 80.4

Line 120 After 35 222.0 81.4

Line 120 After 20 245.3 84.4

Line 120 After 10 286.0 86.0

80/80 Before CW 185.5 38.8 85.0

80/80 Before 75 188.3 45.3 82.8

80/80 Before 50 196.7 51.9 85.1

80/80 Before 35 228.5 59.8 87.0

80/80 Before 20 240.7 72.9 86.8

80/80 Before 10 275.7 68.2 88.5
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plasmas. More details on the formation of the SPL will be

given in Sec. VI.

4. Profile difference in open/dense patterns

In CW mode, a large difference between open and dense

profiles can be observed. The larger collection angle for neu-

tral species from the gas phase can increase the amount of

deposited material on open (exposed) sidewalls, and by

decreasing the duty cycle, this effect of aspect ratio-

dependent etching is reduced. In a plasma pulsed at a fre-

quency of 1 kHz and a duty cycle of 20%, open and dense

profiles become almost identical and, because the SPL thick-

ness is reduced everywhere (as explained above), the abso-

lute differences between open and dense pattern structures

are also reduced, even though the relative difference may

still be the same.

5. Microtrenching

Two shapes for the microtrenching can be observed on

our SEM images, with a very “broad” microtrenching that is

especially visible close to isolated patterns, and a “narrow”

microtrenching that is especially visible in narrow trenches.

In both cases, the etched depth is slightly larger close to the

foot of the patterns, but this slightly deeper etching extends

laterally on �120 nm for the “broad” microtrenching, while

it extends only on �15 nm for the “narrow” microtrenching.

The broad microtrenching can be explained by the gas

phase deposition of species that slow down the etching, such

as oxygen radicals forming SiOx (Refs. 5, 9, 11, and 20) or

redissociated etch by-products. In areas with small collection

angles (close to the patterns), less etch-inhibiting species are

deposited and the etch rate is larger. Note that this effect is

expected to be less important for less sticking bromine con-

taining species that can more easily reach the foot of the pat-

terns after colliding on the pattern sidewalls or by surface

diffusion. In combination, this leads to the broad micro-

trenching. With decreasing duty cycle, the radicals can accu-

mulate and diffuse on the surface during the off-time,

leading to a more homogeneous radical availability and

therefore to more uniform silicon etching (except for the nar-

row microtrenching that is explained later). In addition, the

redissociation and subsequent deposition of etch by-products

are reduced, which further counters the formation of the

broad microtrenching. Therefore, we explain the reduction

of the broad microtrenching at low duty cycle by a reduction

of the availability of etch inhibitors and an improvement of

the uniformity of the bromine concentration at the etch front

thanks to the longer off time.

The narrow microtrenching in dense structures could be

explained as follows: In a purely geometrical view, more

vertical and less bowed sidewalls, observed at lower duty

cycles, lead to a focus of scattered ions close to the side-

wall.33–36 In addition, the radical (Br) to ion flux ratio

increases at low duty cycle, leading to conditions in which

the etching becomes more and more affected by the ion flux

and energy. In this case, the etch rate may be more suscepti-

ble to a local increase in the ion flux at the edges of the

pattern, where ions are focused by scattering on the side-

walls. Finally, charging effects, which are expected to be

reduced in pulsed plasmas,37–42 might also play a role con-

cerning the microtrenching.34,43 Therefore, we explain the

narrow microtrenching at low duty cycle by the focusing of

the ions close to the foot of the pattern and the shift toward a

more ion limited regime.

6. Exception at 10% duty cycle

The only exception to the overall evolution can be

observed for the profiles obtained at 1 kHz and 10% duty

cycle. Compared to a duty cycle of 20%, the mask is more

consumed and faceted, indicating an increase in physical

sputtering. A similar effect can also be seen by going to high

frequencies, which will be discussed in the following.

C. Influence of the frequency

The plasma diagnostic data indicate an influence of the

frequency at low duty cycles. In Fig. 10, the impact of the

frequency is shown for etch processes at duty cycles of 75%,

50%, and 20%, up to a frequency of 8 kHz. The profiles

shown are obtained from patterns with a line and space width

of 120 nm. Again, measurements of the amount of etched sil-

icon, the thickness of the remaining SiO2 mask and the aver-

age sidewall angle are listed in Table III.

The impact of the frequency can clearly be seen on the

three series of SEM images. By increasing the frequency up

to a certain limit that is dependent upon the duty cycle, no

significant change in the etched profiles is observable. For

higher frequencies beyond this limit, the etch rate starts to

increase not only for silicon but also for the oxide mask that

leads to an increased faceting of the hard mask. This was

also observed in Sec. III A 3.

For a lower duty cycle, the limiting frequency decreases.

It is possible that the pulsed etching at 1 kHz and 10% duty

cycle is already in this limit, which could explain the differ-

ences from the general evolution with respect to the duty

cycle.

In general, the impact of the frequency can be detected at a

combination of high frequency and low duty cycle. In these

conditions, the power matching of the plasma etch process is

very difficult, indicating unstable plasma conditions. The

point where the frequency impact can be detected might be

correlated to the on-time of each pulse, which is indicated on

the top right of several SEM images. Below a threshold value

of approximately 100ls, the frequency impact can be

observed, potentially linked to a highly transitional plasma re-

gime at the beginning and end of the pulse. The comparison

of the characteristic time constants of certain plasma parame-

ters can give a better understanding of this phenomenon.

In Fig. 11, the time-resolved ion flux in a pulsed HBr/O2

plasma at 1 kHz and 10% duty cycle is shown, obtained with

a capacitive ion flux probe.1 In principle, the ion flux in a

electronegative plasma is approximately equal to the Bohm

flux CBohm ¼ ni �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

kBTe � ð1þ aSÞ=mið1þ aSgÞ
p

, with aS ¼

ni;�=ne and g ¼ Te=Ti;�. Here, the subscripts i and e indicate

parameters from ions and electrons, kB is the Boltzmann
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constant, T is the temperature, n is the density, and m is the

mass.

The influence of the electron temperature, Te, and the ion

density, ni, upon the ion flux can be distinguished, where at

the beginning and the end of the pulse the ion flux “jumps”

because of a fast change of the electron temperature in a

time scale of 20–30 ls, and the change in ion density is sig-

nificantly slower. At low duty cycle and high frequency, the

short on-time of each pulse approaches the time scale of the

highly transitional plasma regime during which the electron

temperature is not in equilibrium. Consequently, the time

during which the etch proceeds in the highly transitional re-

gime becomes non-negligible compared to the total on-time

of the plasma. A further increase in frequency also increases

the importance of the etching in the transitional regime.

Consequently, etched profiles cannot be compared any more

under a time compensated view because the ratio between

the transitional regime and normal regime may change

between two etch conditions. To understand the characteris-

tics of the transitional regime, further experiments would

have to be carried out.

D. Comparison to smaller pattern profiles

In the previously presented experiments, etch results are

examined for large patterns, and in the following, these

results are compared to profiles with smaller dimensions

down to 45 nm-wide trenches. The stack materials and the

TABLE III. Measured dimensions of the etched profiles presented in Fig. 10.

Frequency (Hz) Duty cycle (%) Etched Si depth (nm),63 nm Remaining SiO2 mask (nm),63 nm Mean sidewall angle (deg),61 deg

0.313 75 182.2 45.8 85.9

1 75 190.2 49.5 82.6

3.75 75 193.7 49.8 85.8

8 75 204.2 39.7 85.7

0.625 50 197.2 55.1 85.7

1 50 196.3 57.9 84.9

2.5 50 211.7 50.5 85.9

5 50 236.5 45.8 85.4

8 50 245.3 43.0 85.2

0.037 20 221.5 60.3 88.4

0.313 20 205.6 65.4 88.5

1 20 233.2 69.6 87.6

3.75 20 296.3 64.0 87.3

8 20 358.4 46.7 87.0

FIG. 10. (Color online) Dependence of the etched patterns upon the frequency. The profiles come from patterns with a line and space width of 120 nm. The

etch conditions are indicated on the top left and, for certain images, the plasma on-time of each pulse is indicated in red on the top right.
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process flow are the same as those in the oxide mask experi-

ments, but the thickness of the mask layers is reduced to

ensure that the thinner lines are stable enough and do not

collapse. In addition, the open ratio of the mask changed

from �80% to �50%. In consequence, the mask etching

steps are shorter, and the resulting chamber wall conditions

might be slightly different to the walls conditions of the pre-

vious experiments.

Electron beam lithography is used to achieve these small

structures and, in Fig. 12, etched lines and trenches are

shown with changing dimensions from 45 nm on the outside

to 100 nm in the middle for CW and pulsed conditions.

Neighboring trench and line dimensions differ by 5 nm so

that a possible reactive ion etch (RIE) lag could be easily

observed.

The only differences compared to the previous stack

and patterns are the strong microtrenching and the bowed

sidewalls at a duty cycle of 10%. Even at a 20% duty cycle,

the microtrenching and a very light bow are observable.

The general trends, however, are the same as before,

wherein a lower duty cycle increases the Si TCER and

reduces the faceting and consumption of the mask (except

for a 10% duty cycle), leading to the appearance of micro-

trenching and to a change of the sidewall slope owing to a

reduced formation of the SPL. The discrepancy between

these and the larger patterns may be owing to the different

mask coverage and to the different amounts of previously

etched layer materials that could influence the reactor wall

coating.

In all cases, no RIE lag is observed.

VI. SIDEWALL PASSIVATION LAYER ANALYSIS

One of the most important features observed in pulsed

plasma conditions is the profile evolution that can be attrib-

uted to the formation of a modified sidewall passivation

layer. Oehrlein et al.29 proposed a model of the formation of

FIG. 11. (Color online) Time resolved ion flux in a pulsed HBr/O2 plasma at

1 kHz and 10% duty cycle obtained from a capacitive ion flux probe (Ref.

1). The influence of a change in the electron temperature, Te, and the ion

density, ni, upon the ion flux evolution is indicated.

FIG. 12. (Color online) Etched Si patterns with changing trench dimensions from 45 nm on the outside to 100 nm in the middle with a step size of 5 nm for con-

tinuous wave and pulsed conditions.
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the sidewall passivation layer. At first, species from the sili-

con surface that are chemically sputtered at off-normal

angles reach the pattern sidewalls in the same state as when

they left the etched surface (line-of-sight deposition). Often,

these sputtered species are nonvolatile and should have a

high sticking probability. Because the ion bombardment is

very limited at the sidewalls, these species remain adsorbed

for a relatively long time, and similar species could also be

deposited from the gas phase after dissociation of volatile

etch products. Reactive oxygen species in the plasma inter-

act with the adsorbed molecules and form oxide-rich silicon

compounds (formation of SiO2 is thermodynamically

favored). Based on this model, the formation of the SPL can

be either limited by the oxygen flux from the gas phase or by

the deposition of nonvolatile silicon species. The neutral flux

from the gas phase is correlated to the aspect ratio of the pat-

tern (collection angle), and the line-of-sight deposition is

linked to the sputter angle distribution and the width of the

etch surface (trench bottom).

To study the chemical composition and the thickness of

the SPL in a quasi in-situ fashion, an XPS technique was

developed that is described in detail in a previously pub-

lished article.44 For such an investigation, a special pattern

with equal line and space widths is needed. In this work,

multiple 1 � 1mm arrays of line¼ space patterns are used

with a critical dimension of 45–100 nm produced by electron

beam lithography.

In this particular case, quasi in-situ analyses are important

because bromine could be exchanged by oxygen in the SPL

if exposed to the atmosphere5,10,11 or to low pressure condi-

tions where oxygen is present.

A. Thickness profiles

The thickness profiles from the SPL analysis are shown in

Fig. 13 for various trench dimensions in different pulsed

conditions. In general, the SPL thickness decreases when the

aspect ratio increases. Note that for a CW plasma, the thick-

ness of the SPL also decreases close to the top of the features

because of the faceting of the mask. The SPL thickness

seems to depend only upon the aspect ratio, and not upon the

probed trench depth or the trench width. This also means,

however, that the SPL thickness does not (strongly) depend

upon the exposure time to the plasma, which means that the

SPL might be controlled by a dynamic equilibrium. Based

on these results, the thickness profiles are considered to be

independent of the trench dimensions within the margin of

error present, and averaged profiles are used for comparison

between different plasma etch processes.

As explained above, the model given by Oehrlein et al.29

suggests two mechanisms that alone or in combination lead

FIG. 13. (Color online) Sidewall passivation layer thickness obtained from XPS results for pulsed etching of different trench widths at continuous wave and at

1 kHz with various duty cycles. Parts (a) and (b) were reprinted with permission from M. Haass et al., J. Appl. Phys. 111, 124905 (2012). Copyright 2012

American Institute of Physics.
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to the formation of the SPL. The flux may come from the

gas phase (radicals or etch products) or from a line-of-sight

deposition of strongly sticking, nonvolatile sputtered

species.

H€ubner45 developed a simplified analytical model to

describe the deposition on the sidewalls by both processes.

His models are based on geometrical considerations for both

mechanisms and estimate the deposition rate and the final

thickness along the height of the pattern. In Fig. 14, the

resulting sidewall passivation thicknesses are shown for ei-

ther gas phase deposition only or line-of-sight deposition of

sputtered etch products only.

The modeled profiles differ strongly. For the gas phase

deposition, the aspect ratio is the main factor with a small

dependence upon the trench width also visible, where wider

trenches lead a thinner SPL at a constant aspect ratio because

the exposure time to the plasma is reduced in this case.

The direct deposition of sputtered species, on the other

hand, depends strongly upon the trench width and not upon

the aspect ratio. This is quite clear because a larger trench

offers more material that can be sputtered and deposited on

the sidewalls, so the SPL thickness increases with wider

trenches at a constant depth.

While the model for the line-of-sight deposition is very

different than the experimental results, the gas phase deposi-

tion model resembles the observed thickness profiles to

some extent. Thus, we may assume that the formation of the

SPL in our conditions is owing to a combination of both

mechanisms, where unsaturated, strongly sticking, silicon-

containing etch products adsorb on the sidewalls and are

transformed into a protective layer if they are oxidized by O

radicals from the gas phase. This model is quite similar to

the formation of passivation layers in an HBr/Cl2/O2

plasma.46

Figure 15 shows the average SPL thickness profile for

various pulsed conditions and for the CW mode with two ox-

ygen flow values. For a better visualization, the theoretical

error44 is not included.

With decreasing duty cycle at a constant frequency of 1

kHz, the overall thickness of the sidewall passivation layer

decreases significantly. The reduced SPL thickness explains

the more vertical etch profiles and partially explains the

reduced differences between dense and open patterns, as

noted in Sec. V. The decrease of the SPL thickness for small

aspect ratios (top of the trenches) in CW mode is owing to a

strong mask faceting, leaving the top of the sidewalls less

protected by the mask (see Fig. 12). Consequently, the top of

the SPL is partially eroded, leading to a thinner layer. In a

comparable etch process, a similar profile was also found by

Detter et al.47

As the aspect ratios become larger, the SPL decreases

continuously because of the reduced collection angle.

The reduced thickness of the SPL with lower duty cycles

could be linked to either a lower time compensated flux of

highly sticking silicon species or to a reduced time compen-

sated flow of oxygen radicals (or a combination of both), as

discussed above. At a lower duty cycle, the time compen-

sated Br radical availability on the surface is likely to be

increased, so that more Br is available to form volatile etch

products. This likely reduces the amount of nonvolatile etch

species in the plasma and the direct line-of-sight deposition

of partially volatile etch products. In addition, because the

overall dissociation in the plasma is reduced, less etch prod-

ucts are redissociated into nonvolatile species that are

FIG. 14. (Color online) (a) Passivation layer thicknesses from model calcula-

tions (Ref. 45) for gas phase deposition only and (b) for line-of-sight redepo-

sition of sputtered etch products only. Trench dimensions are chosen close

to our pattern dimensions (depth of 240 nm, various trench widths).

FIG. 15. (Color online) Average thickness of sidewall passivation layer for

different duty cycles and continuous wave mode, with and without O2.
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subsequently deposited. Therefore, we suppose that the time

compensated flux onto the surface of highly sticking species

is reduced, even though the TCER is increased.

For the O radical density, on the other hand, we expect a

fast decrease at reduced duty cycles for the following

reasons:

(1) A reduction of the oxygen flow in the CW process results

in a strong decrease of the SPL thickness, which suggests

that the oxygen limits the SPL formation in this case.48

(2) A decrease of the duty cycle leads to a reduced dissocia-

tion of O2 similar to other molecules (like HBr). The O

radicals have a higher sticking coefficient than the Br

radicals, replacing Br bonds on the surface and espe-

cially on the reactor walls, which are coated with etch

by-products containing silicon and bromine. In sum-

mary, the oxygen is scavenged more efficiently than bro-

mine, so the O radical availability on the surface for

further reactions is more decreased than the Br

availability.

(3) The thickness profiles from CW without oxygen and

from the pulsed experiment at 1 kHz and 10% duty cycle

are almost identical. This also supports the assumption

that oxygen plays a major role in the formation of the

SPL in our conditions31 and that the SPL thickness is

limited by gas phase oxidation.

The same explanation is valid for the results of the pattern

comparison with different oxygen flows in Sec. V.

B. Chemical composition profiles

In addition to the SPL thickness, its chemical composition

is also analyzed. In Fig. 16, the atomic percentage of oxygen

in the SPL is shown with respect to the aspect ratio for

pulsed etching at 1 kHz and 10% duty cycle. The amount of

oxygen is clearly dependent upon the aspect ratio, but no sig-

nificant dependence upon the trench dimensions can be

observed, similar to the thickness profiles. This is also true

for the other elements present in the SPL, namely, silicon

and bromine, supporting the assumed formation mechanism

discussed above.

For a comparison between etch conditions, the chemical

composition for each aspect ratio is therefore averaged over

the range of different trench dimensions. In Fig. 17, the

mean chemical composition of the SPL is presented without

the contribution of the bulk silicon versus the probed aspect

ratio.

In all conditions, a decreasing amount of oxygen and an

increasing amount of bromine and silicon is observed with

increasing aspect ratio. While for almost all aspect ratios and

conditions, the ratio of Si to Br remains approximately 1, the

ratio of Si to oxygen changes greatly. The evolution of the

oxygen amount with the aspect ratio is especially pro-

nounced for pulsing at a low duty cycle and in the CW mode

without O2. In the latter case, oxygen atoms can only be

introduced into the plasma by sputtering from the reactor

wall (deposited protective layer) or from the oxide mask,

leading to a reduced oxygen density. The lower overall oxy-

gen radical flux leads to an SPL that is very sensitive to the

collection angle of oxygen radicals and, thus, the aspect ra-

tio, which may lead to the observed reduced amount of oxy-

gen in the SPL at higher aspect ratios.

For pulsing at a low duty cycle, we also expect a reduc-

tion of the oxygen radical flux, as explained in Sec. VIA. In

addition, the sputtered and etched particles from the surface

are thought to be more volatile because they incorporate less

oxygen, which leads to a net reduction of the available oxy-

gen in the etched trenches, similar to the case without added

O2 in the gas flow.

VII. SUMMARY—IMPACT OF PLASMA PULSING
UPON SILICON ETCHING

The plasma pulsing greatly influences the investigated

HBr/O2 silicon pattern etch process. By reducing the duty

cycle, the following profile evolution can be observed and

explained:

(1) The radical-limited, time compensated etch rate of sili-

con is enhanced because the accumulation of etch radi-

cals during the off-time leads to a net increase of

radicals available for the etching with respect to the on-

time.

(2) The faceting and consumption of the mask is reduced

owing to a decreased chemical sputtering.

(3) The slope of the etched profile becomes more vertical

owing to a reduced formation of the SPL. Its formation

is controlled by a combination of the deposition of

highly sticking silicon etch products and by a subsequent

oxidation by O radicals from the gas phase, where the

latter plays the limiting role. Similar to the effect of puls-

ing, the modification of the O2 flow in CW mode can be

used to obtain a thinner SPL. However, in CW mode,

this layer does not efficiently prevent lateral etch.

Pulsing, on the other hand, can be used to obtain almost

vertical profiles in a highly selective process.

(4) The difference between dense and isolated profiles is

smaller, which may be linked to a reduced formation of

FIG. 16. (Color online) Percentage of oxygen in the SPL for various trench

critical dimensions and aspect ratios for pulsed etching at 1 kHz and 10%

duty cycle.
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the SPL and also to a more homogeneous distribution of

neutral species, such as O.

(5) The broad trenches at high duty cycles and in the CW

mode may be linked to the difference in the collection

angle for depositing and oxidizing species from the gas

phase that inhibit the silicon etching. By reducing the

duty cycle, fewer species are deposited, the O radical

flux is reduced and the broad microtrenches vanish. In

contrast, narrow microtrenching in dense patterns occurs,

especially at lower duty cycles, which is linked to a

localized focusing of reflected ions at almost vertical

sidewalls and to a higher sensitivity of the etch rate to

the ion flux.

In conditions with a combination of a high frequency and

a low duty cycle, an impact of an increase of the frequency

becomes observable. This is likely owing to the highly tran-

sitional plasma regime at the beginning and the end of the

FIG. 17. (Color online) Sidewall passivation layer analysis—average chemical composition for different duty cycles at a frequency of 1 kHz.
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pulse. A decrease of the plasma on-time (equal to an increase

in the frequency for a given duty cycle) changes the ratio

between the highly transitional and the “normal” plasma re-

gime. Consequently, results from time compensated etching

can no longer be directly compared. Moreover, the power

matching in these conditions is very difficult with the current

reactor equipment.

In summary, pulsed plasmas offer new possibilities to

improve the homogeneity and selectivity of and to reduce

the impact of the plasma on the etched surface.
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