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ABSTRACT

Chromium is a frequently encountered material in modern nanofabrication, directly as a functional material (e.g., photomask genera-
tion) or indirectly as a hard mask (e.g., to etch quartz). With the continuous downscaling of devices, the control of the feature size of
patterned Cr and CrO, becomes increasingly important. Cr and CrOy etching is typically performed using chlorine-oxygen-based
plasma chemistries, but the nanoscale imposes limitations. In this work, directional etching is demonstrated for the first time using
fluorine-oxygen-based plasma. Two cases are studied to demonstrate the Cr etch performance: (i) a plasma mixture of SFs + O, and (ii)
a switching SFs/O, procedure in which the plasmas are used sequentially. The proposed mixture performs with Cr etch rates (ERs) up
to 400 nm/min at 300 W platen power and is highest when the SF¢/O, gas ratio is ~0.75%, i.e., almost pure O, plasma. The profile
shows reasonable directionality but the etch selectivity is low, less than 5 toward Si, due to the high generated self-bias of 420 V. The
selectivity of the plasma mixture can be improved at a lower plasma power, but this is accompanied with considerable undercut. The
etching of CrOy proceeds without the need for O, in the feed, and, therefore, the ER can reach much higher values (beyond 2000 nm/min
at 300 W). As the plasma mixture seems to be inadequate, a sequential process is studied with improved selectivity while preserving direc-
tionality. The high selectivity is achieved by using relatively low plasma power (to ensure a low self-bias) and the directionality is due to the
time separation of the SF¢ and O, plasmas and a controlled directional removal of CrF; etch inhibiting species. Using such a switched pro-
cedure at 30 W plasma power, a selectivity beyond 20 with good profile directionality is achieved and having an etch rate of ~1 nm per

cycle (or 7 nm/min).

Published under license by AVS. https://doi.org/10.1116/6.0000922

I. INTRODUCTION

Chromium is a popular material in modern nanodevice fabrica-
tion. As a material, Cr is opaque (useful in optical lithography),'~
conductive (enabling many sensors and actuators),” and wear-
resistant in harsh environments (useful as a hard mask in plasma
etching).””'” It is also an important adhesion layer for noble metals,
and it prevents dewetting (such as gold) 1617 and forms a self-limiting
dense and thin oxide layer that protects it from further corrosion,
which is crucial in all-Cr single electron transistors devices based on
Cr/CrO,/Cr junctions.'®'? Other potential applications lay in pho-
tonic crystals where the Cr layer is usually relatively thick,”’ RF
MEMS electrodes,””> or corrosion resistant purification mem-
branes.”>** As the last example, the half-metallic and ferromagnetic

CrO, (known from the old-fashioned cassette tape) is currently
having a revival in spin-based devices for nanomagnet arrays and
bit-patterned media.”

In our previous publications, we introduced a new plasma
etch sequence—called CORE—able to structure high aspect ratio
(AR) features into silicon.”*™*® CORE stands for Clear, Oxidize,
Remove, and Etch and is a room temperature process dedicated for
ultrahigh AR fabrication that uses a cycle of SFs plasma to etch Si
and O, to protect the sidewalls of the etching features. Cr is of par-
ticular interest in the CORE sequence as it serves as a durable hard
mask in the quest to go beyond an AR of 100 in Si etching. In our
latest publication, we have used the liftoff procedure to pattern
Cr.”® However, with the continuous downscaling of the requested
nanoscale devices, the control of the feature size of patterned Cr
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becomes increasingly more important, and the liftoff is neither suf-
ficiently accurate nor reliable at the nanoscale. This is why plasma
etching has become the standard technique, already for many
decades, in mainstream nanofabrication.

The plasma etching of Cr is currently almost exclusively
reserved for chlorine—oxygen-based chemistry by forming chromyl
chloride (CrO,Cl,) as the final etch product.””™*' The consensus is
that both chlorine (e.g., Cl, plasma) and oxygen radicals (e.g., O,
plasma) are needed to create the volatile chromyl chloride product.
It was demonstrated by Abe et al.”” roughly 45 years ago and a few
years later explained by Nakata et al.”’ by the reaction

Cr + 20 + 2Cl — CrO,Cl,
(Telt = —96.5 °C and Ty = 117 °C at 1 bar).

As both O and Cl radicals are needed to remove a Cr atom, possibly
allowing any intermediate CrOCl, reaction path, the etch rate (ER)
shows an optimum for a specific ratio between the supplied Cl, and
O, gas. This ratio is typically around 30% O, in the Cl, + O, mixture,
but depends on the temperature and other plasma parameters.’”"’
Indeed, at low O, content, the formed CrCl, species have a very high
melting temperature (CrCl, and CrCl;) or simply decompose
(CrCly). At high O, concentrations, the CrOy species are difficult to
evaporate as well. In contrast, CrO,Cl, boils at 117°C, so in a low
pressure environment (i.e., the plasma reactor) it will easily evaporate
even at room temperature (Fig. 1.0

Even though Cr is typically patterned with the Cl-O-based
chemistry, there are some challenges at the nanoscale. For instance,
CrO,Cl, is an unstable compound already at about 150 °C.”>** As a
result, CrOy species, released by the decomposition, deposit on
close-by surfaces including the emerging sidewalls. Therefore, the
process is getting exceedingly more difficult to pattern the smallest
and/or high aspect ratio features. Furthermore, the Cl-based process
is contaminating the reactor (Al corrodes heavily with Cl, species)
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FIG. 1. Vapor pressure of CrO,Cl, and CrO,F,. The solid line part is data
reproduced from Refs. 40 and 42. The estimated extrapolated sublimation tem-
perature at 76 mT is —55 °C and presented by the dashed lines.
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and adequate cleaning and conditioning protocols are needed espe-
cially when the reactor has to be opened.””* Another troublesome
feature is the influence of the total amount of Cr (and resist)—called
loading effect—on the (local) etch rate.'”>****~** This will negatively
affect the etch uniformity as over etching is required and profiles start
to vary across the wafer and between wafers in barrel etchers.™”>*
During this overetch, the feature sidewalls tend to straighten, but
at the expense of expanding the trench size and shrinking the
feature. Consequently, also the critical dimension (CD) etch per-
formance is compromised, which hampers the minimum achiev-
able feature size.' When aiming at higher aspect ratio features or
thicker Cr layers, also RIE lag (the smaller gaps etch slower) will
play a role.””**? On top of these Cr issues, the high O, concentra-
tion erodes the photoresist (both vertically and laterally) and the
selectivity (typically less than two)"”"’>’® and resist retrac-
tion"'>**7 will restrict the CD performance. Additionally, there
is a tradeoff between the requested straightness of the etch profile and
mask selectivity. The reason is that during etching, one always needs a
mask on top of the Cr film and there is always a substrate below the
Cr film. Typically, the mask will be photoresist and the substrate Si. If
one decides to increase the O,/Cl, ratio to improve directionality, the
selectivity toward the resist will drop. Identically, if one needs to
decrease the ratio, the selectivity toward the Si will drop. So, there is a
compromise between profile, mask selectivity, and substrate attack.
Furthermore, reactor history (or memory effect) is an important issue
as it is found that Cr films are damaged (ie., etched) even for seem-
ingly pure oxygen plasma conditions.”*** The etching is likely caused
by Cl contributions stuck on the reactor walls from a preceding etch
process. Therefore, reproducibility is often a difficult task.

To fight the above challenges, alternative mixtures have been
proposed such as adding reducing agents (like CO,, C,HsOH,
or H,)""**° or performing cryogenic etching,’”* with some
encouraging results. However, in this study, we propose a drasti-
cally different approach. As many of the above issues are related
to the specific chemistry, this paper will present the etch perfor-
mance of Cr thin film by exchanging the chorine by fluorine rad-
icals. The reaction process probably resembles the established
Cr-CI-O reaction but replacing CI by F:

Cr + 20 + 2F — CI‘OZFZ
(Telt = 31.6 °C and Tguplime = 29.6 °C at 1 bar).

So, for this reaction, O and F radicals are needed to form volatile
chromyl fluoride (CrO,F,). Surprisingly, the CrO,F, species is rarely
mentioned in the literature even though its existence is known for
long.** At standard room pressure, it sublimes readily at 29.6 °C and
melts at 31.6°C (Fig. | taken from Ref. 42). In other words, Cr
should be easily patterned at a sufficiently low process pressure when
the substrate holder is kept at room temperature. To test this behav-
ior, an experimental procedure has been designed with patterned
and as-deposited Cr and CrO, thin film.

Il. MATERIALS AND METHODS

The procedure to study the etch performance of Cr and its
oxide in F-O-based plasma will use both patterned and nonpat-
terned coated wafers. The nonpatterned wafers are simply used
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to find some quick indication on overall etch rate (ER) perfor-
mance without considering the selectivity or profile. With this
information, patterned samples will be etched using promising
plasma settings and analyzed with SEM to extract the profile and
selectivity toward Si.

Nonpatterned samples: (100) Si wafers (150 mm diameter)
are prepared with 70 nm Cr (Lesker CMSI18 sputter system). The
Cr-coated wafers are cleaved into 2 x 1 cm® chips and individually
mounted in the center of a 150 mm diameter Si carrier wafer using a
tiny drop of Galden® PFPE fluid (Solvay Solexis SpA) for sufficient
thermal contact or only to fix it. In addition, CrO; coated wafers are
created having 30 nm Cr with 200 nm CrOyx on top using reactive
sputtering. The as-deposited CrOjy layer has a refractive index of 2.39,
which is close to the expected 2.55 value for Cr,Os. These Cr/CrOy
samples are prepared using a sputter tool (PRO Line PVD75, Kurt
J. Lesker). Cr is sputtered from a Cr target at 3 mTorr pressure and
350 W DC power. The deposition rate of 0.33 nm/s is measured by
profilometry (Dektak XTA stylus profiler, Bruker). CrOy is deposited
in the same chamber and from the same target using reactive DC
sputtering with oxygen. Ar and O, flows are set to 50 and 10 sccm,
respectively, while the pressure and power are the same as in Cr
sputter deposition. The deposition rate (0.08 nm/s) and optical func-
tions are determined by ellipsometry (VASE, J.A. Woollam).

Patterned samples: Si wafers are prepared with (i) a single
sputter run of 70 nm Cr and 30 nm polySi or (ii) 1000 nm evapo-
rated Cr and 150 nm sputtered polySi. Cr is deposited using an
e-beam system (Temescal FC2000, Ferrotec) and the deposition
rate is fixed at 1nm/s. The wafer is transferred to the sputter
system (PRO Line PVD75, Kurt J. Lesker) where poly-silicon is
deposited at 3 mTorr pressure and 120 W RF power. The deposi-
tion rate of 0.031 nm/s is determined by ellipsometry. The wafers
are receiving a layer of 65nm BARC (DUV42S-6) and 360 nm
DUV resist (KRF 230Y) using a spin coating system (Gamma 2M
spin-coater, Siiss MicroTech). Subsequently, line patterns (200 nm
wide, 400 nm pitch) are defined by a DUV stepper (FPA-3000EX4,
Canon) equipped with a 248 nm KrF excimer laser. The exposure
dose is 86 mJ/cm® Then, the wafers are developed in 2.38%
tetra-methyl-ammonium-hydroxide in water (AZ726 MIF, AZ
Electronic Materials), rinsed in de-ionized water, and spin dried
with a gentle nitrogen stream. Again, the patterned wafers are
cleaved into 1 x 1 cm? chips and mounted on an Si carrier wafer.

Etching: the prepared samples are loaded into a commercial
dual source etch system (SPTS/Pegasus DRIE). The dual source
plasma can provide ICP assisted etching, but in this study, the RIE
mode is used (i.e., solely platen power).”* The system has been ded-
icated for SF¢/O, based plasma etching only and has no prior fluo-
rocarbon or chlorine history. The FC- and Cl-free chamber is
needed to ensure the absence of any contamination or influence
that might affect the Cr etch performance. In the case of blanket
samples, the ER is simply deduced by continuing etching until the
Cr (or CrOy) is gone and dividing the 70 nm (or 200 nm) by the
recorded time. In the case of patterned samples, prior to the Cr
etch, first the 65nm BARC layer is etched using O, plasma fol-
lowed by a polySi etch using switching SF¢/O, plasma to open the
Cr surface to be etched. The initial Cr etch setting is fixed at
200 sccm total flow at 2% throttle valve (— ~60 mT) and 100 W
platen power (between 270 and 140 V4. bias). The SF¢ flow is
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varied to extract the influence of the SF¢/O, ratio (i.e., % SF¢) on
the ER for four temperatures: —20, 0, 20, and 40 °C.

Analysis: after the etching, the Galden heat transfer fluid is
wiped gently from the backside of the patterned samples with
alcohol sprayed on a tissue and the sample is cleaved manually
using a diamond pen for SEM analysis (Supra V60, Zeiss).

lll. RESULTS AND DISCUSSION

In this section, first the blanket Cr and CrO, samples will be
investigated using the SF¢ + O, plasma mixture. This will lead to a
proposed Cr etch mechanism quite similar to the Cl-O-based
chemistry. After this, the patterned samples will be studied using
the preferred condition from the blanket etches. Finally, the process
is optimized for nanoscale pattern transfer by replacing the plasma
mixture by a switching SF¢/O, plasma sequence.

A. Nonpatterned samples etched in SFg + O, plasma
mixtures

1. Effect of SF¢/O, ratio on the Cr etch rate

The initial etches using the blanket Cr samples are presented
in Fig. 2. Just like the Cl-O-based Cr etching, the F-O-based chem-
istry shows a pronounced optimum indicating that indeed both F-
and O-species are needed to chemically etch the Cr layer. Both
pure O, plasma and pure SF¢ plasma will barely etch as the prod-
ucts are not volatile. Furthermore, as the ER is close to zero for
pure O,, where the V4. is around 270V, the influence of pure
physical etching (i.e., sputtering) can be ignored. Also, for both
chemistries, the ER increases for higher temperatures. But, unlike
the Cl-O-based chemistry where the maximum ER is typically
found around 70—80% Cl, of the total flow, the SF4 + O, peaks below
1% SFs. Another remarkable difference between the two chemistries
is that for the Cl-O-based chemistry, the ER at the lower Cl, concen-
trations (less than 70%) is depending on temperature. This is in con-
trast with the F-O-based chemistry where the SFq concentrations
below 0.25% seem to show minimal temperature dependency above
0°C. Furthermore, at these lower concentrations, the ER seems to
depend linearly on the % SF; in the feed.

The above result suggests that the process for lower SFs/O, ratios
is plasma-supply limited and that surface reactions are fast enough to
have no effect on the ER. This preliminary conclusion needs a closer
look. Therefore, an additional control experiment is performed to
confirm the temperature independency. Carefully selected samples
having the same area (to prevent loading to affect the ER) and taken
from adjacent parts of a broken blanket Cr-coated wafer (to ensure
the same Cr thickness), are etched with a 0.25% SFs feed (i.e., nicely
into the presumed plasma-supply limited region). The same recipe is
used three times at —20 °C and the same for 0, 20, and 40 °C. So, a
total of 12 samples are going to be etched that should show an identi-
cal result. To ensure a conclusion with sufficient confidence, some
indication of possible error is needed as described next. The control
experiment is going to be performed with a total flow of 200 sccm, so
we apply 0.25% = 0.5 sccm SFs. The SF¢ uses a 50 sccm N,-calibrated
mass flow controller (SFC5400, Sensirion) having an accuracy of 2%
and repeatability of 0.2% full scale. The thermal conversion factor for
SF¢ is 0.26. Therefore, the actual full scale is 13 sccm. So, the requested
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0.5sccm SFg has an accuracy of 0.26sccm and repeatability of
0.026 sccm. As we perform identical etches during the same day
(so drift is low), only the repeatability is important for the error
analysis. In other words, the flow for all the twelve etches will be
within 0.026 sccm. The error for the vertical axis (the ER) is found
by identifying accurately the time needed the clear the Cr layer.
Note that as we have taken identical chips from adjacent broken
wafer locations, we might misjudge the actual ER, but relatively
the thickness has no influence. So, only the actual time to clear the
Cr layer should be determined accurately. The adopted procedure
has been to first etch a sample for 120s and—after substrate
unload—confirming optically that the Cr is gone (because the ER
is ~40 nm/min and we have ~70 nm Cr). Subsequently, another
sample is etched for 100 s to confirm that the Cr is still present.
The result has been that all the control samples between 0 and 40 °
C etch faster than 70/2=35nm/min, but slower than 70/
1.66 =42 nm/min. The three samples etched at —20°C are all
between 32 and 35 nm/min. So, it is confirmed that the reproduci-
bility of the ER of all the samples is within 10% and we are confi-
dent that the conclusion of a temperature-independent process at
the lower % SFg content is correct.

2. Effect of plasma power and gas flux on the Cr etch
rate

Now, it has been deduced that the ER at lower SF¢/O, concen-
tration is limited by the supply of active species from the plasma bulk
and not the reaction speed at the Cr surface, the next question is
what controls the supply. Here are two main influences, the plasma
power and the flux of species (i.e., pressure and/or flow). Which one
contributes most and when is tested by varying both the plasma
power and total flux in a reasonable broad process window, but for a
fixed temperature (40°C), SF¢/O, ratio (0.5%), and exposed Cr
surface area (2 cm?). Initially, the throttle valve is fixed too at 2%,
which means that the pressure increases when extra gas is added.

As expected, Fig. 3 shows that the ER increases when the total
flow [Fig. 3(a)] or power [Fig. 3(b)] is increased. However, for 50 W
plasma power, the ER barely increases between 100 and 800 sccm.
Seemingly, all the available power is converted above 100 sccm and
extra gas will not enhance the ER. Similarly, in Fig. 3(b), the ER for
100 sccm tends to saturate at higher power. Now, the amount of gas
is controlling the ER and extra power will not help. Interestingly,
the ER doubles if both the power and the flow are doubled. This is
indicated by the dashed lines in Fig. 3(a). For example, the ER for
800 sccm at 200 W is twice the ER for 400 sccm at 100 W and qua-
druple the ER for 200 sccm at 50 W.

However, the flux of active species depends on both the
process pressure and gas flow and in Fig. 3 the throttle valve has
been fixed, so the process pressure increased together with the flow.
To find out which one of these variables affects the ER most, pres-
sure or flow, an additional experiment is needed to separate these
two contributions. This time, instead of fixing the turbo throttle
valve, the pressure is fixed and the throttle is allowed to adapt for
the different applied gas flows. Figure 4(a) presents how the ER
depends on the process pressure for different fixed gas flows: 200,
400, and 800 sccm. As the curves for 200, 400, and 800 sccm
almost coincide, we conclude that the pressure and not the flow
controls the ER in the process window investigated. Seemingly,
only little of the incoming gas supports Cr etching and the rest
leaves the reactor unused. So, a more appropriate conclusion of
the previous finding is that the ER doubles when both the power
and the pressure are doubled (and not the flow). Furthermore,
the indicated self-bias solely depends on the pressure and the
flow has a minor effect [Fig. 4(b)].

3. Effect of SFs/O> ratio on the Cr and CrO, etch rate

With the information of the optimum parameter settings, the
graph of Fig. 2 is partly repeated to get a more detailed curve for low
SFs/O, ratios at 40°C, but this time including CrOy and at the

J. Vac. Sci. Technol. B 39(3) May/Jun 2021; doi: 10.1116/6.0000922
Published under license by AVS.

39, 032201-4



AVA = =

Journal of Vacuum Science & Technology B

300

40°C, 2% vdlve a)
2cm?, 0.5%|SF, Ve

N
wn
o

N
o
o

[N
o
o

Etch rate (nm/min)
o
o

v
o

o

0 200 400 600 800
Flow rate (sccm)

Etch rate (hm/min)

ARTICLE avs.scitation.org/journalljvb

300

40°C, 2% valve

250 2cm? 5% SE.

200

150

100

50

0 50 100 150 200 250 300
Power (W)

FIG. 3. Cr ER for different varying total gas flow at 2% fixed throttle (a) and plasma power (b). The temperature is fixed at 40 °C and the exposed area is always 2 cm?.

The SF¢/O, ratio is kept at 0.5%.

highest allowed power (300 W), pressure (200 mT), and temperature
(+40°C). The ER is plotted in Fig. 5(a) for Cr and CrOy as a func-
tion of the %SFq concentration at 800 sccm total flow. As before, at
very low SF¢/O, ratios the Cr ER increases linearly with the %SFs in
the feed and around 0.5% the increase in ER slows down. The ER
peaks at ~0.75% SFs in the oxygen feed gas and then drops. In con-
trast, the CrO, ER continues to increase with added SFq. Figure 5(b)
allows some different plasma settings and higher SF¢/O, ratios. It
shows that the CrO, ER increases until it saturates just below
2500 nm/min. The saturation is caused by the limited pressure and
power supply: there is simply not sufficient supply (either energy or
gas) to support a higher ER. Also for the CrO,, the highest pressure
shows the highest ER that barely depends on the flow.

4. Proposed Cr etch mechanism in the SFs+ O, plasma
mixture

The above findings bring us to the most likely surface reac-
tions taking place in the F-O chemistry:

Initial reaction: Cr + 20 — CrO,,

Followed by: CrO, + 2F — CrO,F,.

Starting from pure O, plasma that creates O radicals, the Cr
surface rapidly oxidizes and forms a protective skin that prevents
further oxidation. Then, by introducing small amounts of SFs, F
radicals will react with adsorbed CrO, species and form volatile
chromyl fluoride. This departure will expose fresh Cr that will
immediately react with the plenty of available O radicals and the
volatile reaction awaits the next F radical to arrive. The latter
process will go faster—and thus the ER increases—when more SFg
is added. The ER will improve further with an extra supply of SF¢
until F radicals start to attach to the exposed Cr layer before O rad-
icals arrive. If this happens, part of the exposed Cr is going to be
fluorinated producing a nonvolatile CrF, layer that will block the

spontaneous reaction and the ER will go down. The CrFy shielding
will continue until around 6% SF¢ in the SFgq+ O, feed, the ER
becomes virtually zero when the whole surface becomes fluori-
nated. For the CrO, material, the situation is different as the Cr is
already fully oxidized. Therefore, the ER continues to increase with
additional SF¢ without showing an optimum ER because the pro-
tective CrFy skin cannot be created. It will saturate though when
the power or flux (being it pressure or flow) is insufficient to create
additional radicals. As the CrO, ER continues to increase with
extra SF¢, while the Cr ER drops to virtually zero, the selectivity at
higher SF¢/O, ratios will go to very high values (>>10000). This
observation implies that it is possible to accurately remove a CrOx
surface layer of a Cr thin film by exposing the surface to a pure SFy
plasma. The F radicals will first create volatile CrO,F, and then
seal the Cr surface with CrF,. It also implies that any interstitial
CrOy in a Cr thin film (e.g., the polycrystalline boundaries) might
be attacked even in low bias pure SF¢ plasma and potentially may
create pinholes and exposing the underlying (Si) material.

The somewhat complex ER behavior of Cr is not unusual in
plasma etching in general. For instance, in Si etching using
SE¢ + O, mixtures, it is also found that when the plasma power is
relatively high and the flux is low, the flux will follow the radical
production: the flux-controlled (or power-saturated) region. In con-
trast, if the flux is sufficiently high and the power is low, the power
will control the ER: the power-controlled (or flux-saturated)
region.”* Also, for Si etching, the ER doubles when both the power
and flux are doubled, but in contrast, in Si etching the flow and not
the pressure determines the ER."® The authors do not know why,
but maybe the depletion of active species plays a crucial role.

5. Cr loading effect

A specific observation is that the ER found in Fig. 5 is higher than
that expected from Fig. 3 at 300 W. This is because the samples selected
for this experiment were smaller in area (but also this time they are all
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FIG. 4. Cr ER (a) and self-bias (b) as a function of pressure for 200, 400, and 800 sccm total flow.

identical within the experiment). This brings us to the subject of how
the loading affects the ER. Mogab was the first to derive an equation,
which correctly predicts the loading effect.”” The loading effect is the
decrease in ER for an increasing area of etching material inside the
plasma. In a simplistic manner, one could argue that the amount of
etched material will not change for an identical plasma setting, and,
therefore, the ER drops 2 times when the exposed area is doubled.

A more detailed and more correct analysis though can be
found in a paper on Si etching by the authors where also a prag-
matic loading equation is formulated,*®

ER = ERg/(1 +aLl) ERg = 525 nm/min ¢ = 0.25 cm™>
at 300 W, 200 mT, 40 °C.
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The saturation etch rate ERg, occurs for very low Cr loading
area L and a=0a(T) is a constant depending on the lifetime of
the etching species and thus temperature.””"” Both ERg, and o
are varying with the specific plasma setting and can be deduced
by measuring a few ER values for different L values. For
example, as presented in Fig. 6, for a sample of 1.5 cm® etched at
300 W and 200 mT, we find ER = 380 nm/min; for 3 cm?, it is
300 nm/min; and for 6cm? we find it to be 210 nm/min.
Therefore, ERy, = 525 nm/min and o = 0.25 cm 2. So, only when
al > 1, ie, L>20cm? the above simplistic “1/L” rule holds.
Furthermore, the samples have been placed on an Si carrier.
Seemingly, this carrier does not affect the F concentration, even
though SiF, is very volatile. This indicates that there is a passiv-
ating SiO, layer present that prevents consumption.

300W, 40°C, 1.5cm? b)

— —o
200sccm, 0.4% valve

— ~170mT

ol

)sccm,|2% valve
— ~110mT

cm, 2% valve
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0 1 2 3 4 5 6 7
% SFe

FIG. 5. Cr (a) and CrO, (b) ER as function of % SFg at fixed 300 W, A=1.5 cm?, and 40 °C.
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FIG. 6. Cr ER as a function of loading at fixed 300 W, 800 sccm total flow, and
40°C.

B. Patterned Cr samples etched in mixed SF¢ + O,
plasma

Having established a much faster etch rate than usual in
Cl-based plasmas, the next topic to discuss is the etch profile and
selectivity for the F-based chemistry. The first remark is that the
almost pure O, concentration of the F-O-based chemistry needed
to etch Cr means that photoresist will etch very fast and conse-
quently the selectivity is rather low. Therefore, an intermediate
hard mask is needed to transfer a resist pattern reliably. We have
opted for polySi as this material is standard available and perfectly
compatible with mainstream fabrication processes. An even stron-
ger argument though is that Si will virtually not etch in pure O,
due to the strong oxidation into nonvolatile SiO, products. This
means that both the polySi mask and bulk Si underneath the Cr
layer will be preserved during the Cr etch and we do not have to
settle for a compromise. Furthermore, polySi can be etched with
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extreme high selectivity toward resist and Cr using established
F-based plasmas*®™* of course as long as the bias is not too high
to dominate the ER.

Initial etches were performed using a mixed plasma close to
the optimized ER setting from Fig. 5 with 0.5% SF¢/O, ratio,
200 sccm total flow, and 150 mT. As expected and observed in
Figs. 7 and 8, the patterned Cr ER increases for higher power and
higher temperature settings and having the tendency to saturate.
Furthermore, it is measured that the polySi ER scales quadratic
with the plasma power (as both the ion density and ion energy
increase with power) and does not depend on the temperature.
This is a strong indication that the Si is eroded physically, proba-
bly using an intermediate formation of SiO,. As a consequence,
the etch selectivity increases quickly when the plasma power is
reduced. The odd pronounced sideways cut into the Cr approxi-
mately halfway through the layer (indicated by the arrow —) is
believed to be caused by rapid CrOy removal. This layer seems to
have developed during the Cr deposition, which has been per-
formed in two evaporation runs even though the vacuum has not
been broken in between.

C. Patterned Cr samples etched in switched SFs/O,
plasma

The most important observation in the mixed process is that
it seems to be hard to have both a directional profile and at the
same time a reasonable etch selectivity. Furthermore, the selectiv-
ity increases strongly when the power is lower and the tempera-
ture high enough to support spontaneous chemical etching (i.e.,
above 20 °C). The same type of difficulty arises during room tem-
perature Si etching using a mixture of SFs on O,. As a major
improvement on the latter mixed processes, recently the authors
demonstrated excellent directional and selective performance of
the switched CORE procedure.z"’28 Therefore, the same switched
procedure has been tested for Cr etching. First, an important
parameter to minimize is the plasma power as we learned from
the mixed process that the etch rate of Si quickly drops (and thus
the selectivity increases) when the power is lowered. We have
chosen 30 W. Furthermore, the Cr etch is accomplished by
switching the chemistry back-and-forth between an oxygen-rich

100 40 &
. +40°C
£ a0 & 1 =
d - 30
S o -\—’Looc;ﬁ—_/( S +20°C\
c [ —5°C r
< 0 z
P //E’/ t/ S 20
== /, / P g ~
£ 28 4 9 opc —
£ 20 ,V ___Si—— wn 10 / S
a) ~Z1--- b) -20°C \Q
0 0 |
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Power (W) Power (W)

FIG. 7. Patterned Cr ER (a) and etch selectivity (b) toward Si as a function of plasma power for different temperatures at 0.5% SFg/O, ratio, 200 sccm total flow, and
150 mT. The Si ER is 0.75 nm/min at 50 W (45 Vdc), 3 nm/min at 100 W (140 Vdc), and 25 nm/min at 300 W (420 Vdc).
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e) 20°C, 100w

j) -20°C, 50w

k) -20°C, 100W |
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c) 40°C, 300W

[) -20°C, 300W

FIG. 8. Cr etch using mixed 0.5% SFg in O, plasma for various temperature and plasma power. The mask is 150 nm polySi on top of 1000 nm Cr. The etch time is 40
min at 50 W, 20 min at 100 W, and 4 min at 300 W. The patterned Cr ER increases for higher power and higher temperature settings and having the tendency to saturate.
The Si ER is not depending on temperature and scales approximately quadratic with plasma power.

(O-step) and fluorine-rich (F-step) plasma. To be precise, the
O-step uses 50sccm pure O, and takes 9s. The F-step uses
50 sccm O, + 3 sccm SFg for 1s (=6% SF¢/O, ratio). The latter
might sound O-rich, but is already far in the regime where F radi-
cals start to dominate the surface coverage (see Fig. 2). Both steps
are performed at 20 °C, 50 mT, and 30 W power (70 Vdc). In the
F-step, it is opted to keep the O, flowing to prevent major plasma

changes that might trigger the matching unit to change and
causing etch fluctuations. Nevertheless, if matching is not an
issue, switching between pure O, and pure SFs might turn out to
be favorable. Further research is needed though.

Figure 9 shows a slightly positive tapered etch of 350 nm into
the Cr with the polySi mask still present (116 nm left, so an etch
selectivity of ~10). The sidewall barely shows an undercut, which
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FIG. 9. Cr etch for 45 min of 1000 nm thick Cr lines by switching the chemistry back-and-forth between an oxygen-rich (9s O-step using 50 sccm O,) and fluorine-rich
(1's F-step using 50 sccm O, + 3 sccm SFg) plasma operating at 30 W platen power and 50 mT. The lines are etched beyond 300 nm with good selectivity toward the initial
150 nm polySi mask. The chaotically arranged vertical lines are a result of the polycrystalline film growth during Cr deposition.

indicates a protective layer being present. This layer cannot be
CrOy, because such a layer will always be converted into volatile
CrO,F, species during the SF¢ step and causing an undercut.
Therefore, seemingly the only candidate is CrF,. This means that
CrF, presumably does not react spontaneously with O radicals into
volatile CrO,F,. As the CrF, covered sidewall is without ion bom-
bardment, the O radicals cannot reach the Cr and undercutting is
prevented. In contrast, the bottom surface receives a constant
supply of ions that removes F-species (or CF,) and O radicals can
attach. Subsequently, the CrOy layer is removed by F radicals and
etching proceeds directionally.

Clearly, the switched procedure shows a much better etch per-
formance compared to the mixed process albeit showing a much
lower etch rate. The latter is not a disadvantage though as we are
requesting nanoscale accuracy anyways. The etch depth after
45 min of etching (i.e., 270 cycles) is around 330 nm. This means
that ~1.2nm Cr is removed per step. This indicates that the etch
process might enable atomic layer etching (ALE). The reason is
explained with the help of Fig. 10. Assume initially that the Cr
layer is pristine and single crystalline [Fig. 10(a)]. When O, plasma
is provided, the surface will rapidly oxidize and self-limit after a
thin CrOy layer is formed that blocks further oxidation [Fig. 10(b)].
The next SF¢ plasma will create F radicals that spontaneously react
with the CrOy species and form volatile CrO,F, [Fig. 10(c)]. After
the CrO, has been removed, the F radicals will fluorinate the

surface and form again a passivating film, but this time it is CrFy
that blocks further fluorination [Fig. 10(d)]. So, also this layer is
assumed to be self-limiting. Only by ionic (and directional) impact,
this layer can be removed (defluorinated) after which the Cr
surface is pristine again [Fig. 10(e)]. The cycle is now ready for the
next oxidation step [Fig. 10(f)]. It is now easy to understand why
the switched Cr etch procedure is superior to the mixed process.
The selectivity is higher because most steps do not acquire ionic
bombardment. Only the defluorination step in Fig. 10(e) needs
ions to remove the CF, blocking film.

As explained, ideally in the model from Fig. 10, only one
layer of Cr will be removed per cycle. The lattice constant of Cr is
0.3nm, so we should have found an ER of 0.3 nm per cycle.
However, the experimental number is 1.2 nm (or four layers) per
cycle and this number is also not fixed. This difference is likely
because we have ignored the following phenomena. (i) The addi-
tional ER due to physical bombardment has been ignored, but the
generated self-bias (70 Vdc) is a bit high. Therefore, it is possible
that in Fig. 10(e) not just F will leave but rather CrF,. This would
already double the ER per cycle. In fact, the V4. is always present,
so the oxidation step might also remove the additional material.
(ii) In addition, it is observed that the as-deposited surface of the
polycrystalline Cr is very rough and this contributes to the ER as
the exposed surface is more than if the surface would have been
perfectly flat and smooth. (iii) Furthermore, the ER might be
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FIG. 10. Proposed etch model for Cr etching using a cycle of O, and SFg plasma. Pristine Cr (a) is exposed to O radicals (b). The CrO, is removed with F radicals
forming CrO,F; (c) and will leave the surface fluorinated (d). The CrF, is sputtered by ion impact (e) and is ready for the next cycle (f).

higher because the plasma has to pass the ER peak back-and-forth
(Fig. 2). This cannot proceed instantaneously and thus compro-
mises the process transient and will add some ER due the passing
peak observed in Fig. 2. (iv) Then, it is neither obvious nor
proven that the oxidation or fluorination process limits to exactly
one monolayer. The same issue occurs for the regrowth of native
oxide.”® (v) Finally, the deposited Cr is neither a pure nor a single
crystalline. Cr is a well-known getter material and easily takes up
residual oxygen and water molecules during evaporation or sput-
tering. In particular, subsurface O-contamination may greatly
affect the final result as we already noticed that F radicals effec-
tively convert CrO, species into volatile CrO,F,. Altogether, it

should not be a surprise to find a higher ER than allowed for
ALE. To come closer to the ideal ALE process, further study is
needed, e.g., we might lower the self-bias substantially to prevent
physical sputtering (e.g., by use of the ICP source) or start with a
perfectly smooth Cr material (i.e., buy single crystal chromium
wafers or CrF; wafers and test if it indeed does not react with
oxygen plasma).”’

Now that a convenient Cr etch procedure has been defined, it is
worthwhile to see how it operates in a complete fabrication scheme
of Si nanostructures using photoresist as a mask. Figure 11(a) shows
the initial 400 nm pitch DUV grating pattern on top of the stack of
layers to be etched. The stack is composed of 70nm Cr+ 30 nm
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FIG. 11. Etch procedure of a 400 nm pitch grating pattern composed of 360 nm thick DUV resist on top of the sample stack: bulk Si+70nm Cr+ 30 nm polySi + 65 nm
Barc. The sample is etched without braking vacuum in the same system in a single run: (a) the initial measures before the etch, (b) after O-based directional Barc etch,
(c) directional polySi etch using the switched SF¢/O, CORE sequence, (d) isotropic polymer strip, (e) directional Cr etch, and (f) the final transfer into the bulk Si.

polySi + 65 nm Barc. First, the Barc polymer is etched using 50 sccm 18 Vdc) to minimize the physical impact of ionic species that would
O, plasma for 10 min [Fig. 11(b)]. The throttle valve is fully opened degrade the pattern shape. Subsequently, the polySi is etched using
(100%) to ensure a low process pressure ( ~1 mT) that will promote ten cycles of the CORE sequence as formulated in a previous paper
ions to control the pattern transfer (radicals will cause undesirable [Fig. 11(c)].”® This etch is followed by a 10min O, plasma resist
mask retraction).'” The plasma power is kept low at 10 W (showing strip [Fig. 11(d)]. This step is performed at sufficiently high pressure
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FIG. 12. Zoom-out of Fig. 11(f) after a prolonged etch time (9 um deep). The
Cr mask is just gone.

(50 mT) to promote radical etching in favor of an ion-enhanced
process to prevent any surface damage. Subsequently, the Cr is
etched using the F-O-based switching chemistry [Fig. 11(e)]. Finally,
the patterned Cr mask is used to etch the bulk Si using the CORE
sequence [Fig. 11(f)].

Figure 12 is a zoom-out from Fig. 11(f) of the etched Si bulk
using the patterned Cr for a 9 um deep grating pattern. Clearly,
the pattern transfer proceeds with high fidelity and the 70 nm Cr
layer allows an AR beyond 50. However, while etch time proceeds,
the Cr mask shows pronounced retraction that restricts the
maximum achievable AR as already observed in our previous
paper.” Figure 13 shows how the Cr mask slowly erodes not only
normally but also laterally. The latter is problematic as it will
degrade the topside of the nanoscale features after prolonged etch
time. This side erosion is of course the consequence of using both
O- and F-generating gases for the Si etching. This is true even
when etching is performed in a sequence where both plasmas are
not present at the same time (i.e., a switching cycle). After all, in
agreement with the findings reported in this paper, during the
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O-step of the CORE sequence, the Cr surface will oxidize and self-
limit. However, this CrO, layer will be removed in the subsequent
F-step of the cycle and thus removes some Cr. This is specifically
true when additional bias is provided (i.e., the R-step of the
CORE sequence). In the next cycle, this “monolayer” Cr removal
will happen once more. It should be noted though that the CORE
sequence is operating most of the cycle time in the pure SFs
regime. It is, therefore, rational to believe that the Cr will be
highly fluorinated and only occasionally some of the Cr will be
oxidized and removed as chromyl fluoride. It is of course the
quest of the CORE sequence to limit this type of mask erosion as
much as possible.

IV. CONCLUSION

In this study, a novel directional Cr etch technique is pre-
sented based on a mixture or sequence of SFq and O, plasma. Just
like the Cl-based chemistry, which needs O and Cl radicals to etch
Cr by forming volatile chromyl chloride (CrO,Cl,), the F-version is
explained by considering a binary process that needs both O and F
radicals to proceed by forming volatile chromyl fluoride (CrO,F,).
Unlike CrO,Cl,, which is known to decompose easily at tempera-
tures well below 150 °C thereby forming nonvolatile CrOy products,
CrO,F, sublimes readily at room temperature presumably leaving
the surface clean. Also, by omitting Cl species (and C in case CCly
plasma is used), the reactor stays clean, corrosion-free and process
drift is believed to be minimized even though the long-term etch
behavior of this novel technique is yet unknown. The supply of O,
during Cr etching means that an intermediate hard mask is needed
as the photoresist is rapidly eroded. We have opted for (poly-)
silicon due to its compatibility and straightforward implementation
in mainstream nanofabrication.

The SF¢ and O, plasma combination is shown to have some
favorable characteristics with respect to the conventional approach
using Cl, and O, plasma. The observed etch directionality is
explained by considering the formation of volatile chromyl fluoride
(CrO,F,;) in which the Cr is first reacting with O radicals into
CrO, and subsequently reacts with F radicals into CrO,F,. The
complementary reaction of Cr first reacting with F radicals into
CrF, and then with O radicals into CrO,F, presumably does not

FIG. 13. Mask retraction during SFg-O, plasma etching of bulk silicon: (a) after 1h — 1.4 um, (b) 2h — 2.5um, (c) 4h — 4.2 um, and (d) 8 h — 6.8 um deep Si etch.
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occur or is of minor importance. The directionality is thus
explained by considering that the sidewall will be protected by CrFy
species. Only the application of ionic impact will rupture this layer
on the bottom surfaces and etching continues in a straight fashion.
Two different Cr etch procedures are studied. The first technique is
based on mixing a small amount of SFs (1% or less) with O,. The
second technique is much like the procedure used in ALE in which
a time-multiplexed procedure is performed where both gases are
introduced sequentially.

With respect to ER, the mixed F-chemistry compares favor-
ably with conventional Cl-based etching albeit pronounced mask
undercutting. The ER of Cr is ~10 times faster at fairly identical
power conditions. The selectivity toward photoresist is for many
cases insufficient, because the etching is performed in almost pure
O, plasma. However, for the same reason, the selectivity toward Si
is high, much higher than possible in Cl-based Cr etching.
Therefore, the use of polySi as a mask is demonstrated and pro-
moted. Furthermore, the mixed F-O-plasma can sculpture CrOy
isotropically with even higher ER. An ER beyond 2000 nm/min is
reached at 300 W plasma power, which is approximately 100 times
faster than typical in Cl-based plasma.

Even though the mixture is beneficial for microscale etching
(e.g., to create a thick Cr hard mask useful in glass plasma etching),
for nanofabrication, a high selectivity and low undercut are pre-
ferred. Therefore, the switched procedure is introduced. It shows
excellent nanoscale characteristics. A selectivity of 20 is achievable
with virtually no undercut (zero CD loss) at a controllable low ER.
So, due to the small SF¢/O, gas ratio, the Si ER is low and the
resulting selectivity toward the Cr is high. This is in big contrast
with conventional Cl-based Cr etching where the selectivity seldom
exceeds 2 and the ER rarely tops 30 nm/min. A high selectivity is
valuable in order to get the highly appreciated “zero CD process
bias” in optical photomask generation using MoSi-based phase-
shift masks. Furthermore, this F/O switch cycle is a candidate to
demonstrate ALE as both F and O steps are presumably self-
limiting and, therefore, the ER will depend on the number of cycles
and less on the length of the individual steps. For this reason, the
ER should be addressed in nm per cycle rather than in nm per
minute. The ALE condition is only true of course when the bias is
sufficiently high to remove the CrF, surface layer, but low enough
not to encourage physical sputtering of the underlying bulk Cr.

Even though the initial results of F-O-based etching of Cr
have shown some very promising results, questions remain and
should be addressed in future work. For instance, the switching
sequence is not at all perfect. The plasma does not allow the gases
to be replaced instantaneously. This means that there will be a tran-
sition period where the plasma passes through the “0.75%” peak
and both fluorine and oxygen radicals will act together. This will
surely promote undercut. To prevent this from happening, one
could introduce additional steps in between both steps. This is like
the CORE sequence where the C-step has been introduced to
prevent fluorine from the E-step to compete with the oxygen radi-
cals needed in the O-step. Also, the addition of oxygen in the
F-step might need to be replaced by, e.g., argon in order to push
the Cr etch system as far as possible into the pure F-based chemis-
try. Furthermore, the current self-bias of 70 Vdc is relatively high
and limits the selectivity between Cr and Si. So, by no means, the
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current recipes are optimized and improvements are foreseen. In
particular, the addition of large amounts of O, in the F-rich step of
the switch cycle needs a closer look. Nevertheless, the authors hope
that the current information is sufficient and will encourage others
to give the F-O chemistry to etch Cr a try.
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