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Etching mechanism of the single-step through-silicon-via dry etch using

SFe/C4Fg chemistry
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University of lllinois at Urbana-Champaign, Urbana, Illinois 61801
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(Received 25 March 2014; accepted 11 June 2014; published 26 June 2014)

A single-step etching method using the SF¢/C4Fg chemistry is developed in this study as an
alternative through-silicon-via (TSV) etching approach of the traditional Bosch process to realize
ultrasmooth and vertical TSV profiles. Experimental results show that there is a profile
discontinuity, or a “transition,” on the TSV profile produced by the single-step etching method at
high bias voltages and high SF¢ flow rates. Comparison between the intensity of the species
generated in a pure SF¢ or a pure C4Fg plasma and in a SF¢/C4Fg plasma is investigated for better
understanding interactions between SFg and C4Fg. The densities of all positive ions are reduced in
the SF¢/C4Fg plasma compared to a pure SFs plasma and a pure C4Fg plasma at the same partial
pressure, indicating a change of plasma chemistry when SFgq and C4Fg fluxes are mixed. The
formation mechanism of the transition is proposed as a chemistry discontinuity caused by
large-angle ion sputtering at the top part of the sidewalls and the polymer accumulation at the
bottom part of the sidewalls. The formation of the transition has found to have an effect of
improving the sidewall smoothness below the position where it is formed. Parameter study has
shown that a decreased bias voltage and a reduced SF¢/C4Fjg ratio can help to improve the sidewall
smoothness and eliminate the transition on the TSV profiles. © 2014 American Vacuum Society.

[http://dx.doi.org/10.1116/1.4885500]

I. INTRODUCTION

Through silicon via (TSV) is an important structure in the
back end of line applications in current semiconductor indus-
try. TSVs are typically used to interconnect function units of
logic and memory chips to realize 3D integration.
Appropriate TSV etching technique has the potential to
become a critical approach to overcome the scaling limit by
obtaining high module density, low operation power and
high bandwidth in 3D integrated devices.' Typical TSV fea-
tures have relatively large critical dimensions (CDs) of
1-50 um and aspect ratios up to 15:1.> TSV profiles signifi-
cantly affect the quality of subsequent filling steps for a
“via-first” process, and therefore the overall electrical per-
formance of the stacked chips.

A common approach for TSV structures is to perform an
alternating etching and passivation steps, known as the Bosch
process.” In the Bosch approach, fluorine-rich gases, fre-
quently SFg, are used as the etch gas to maximize etch rate
(ER) during the etching step, and fluorocarbon gases, such as
C,Fs, C4F¢, and CHF; are effective in forming polymers on
sidewalls during the passivation step.> However, an intrinsic
problem of the Bosch process is the scalloped TSV profile on
the sidewalls. Scalloped profiles are undesirable because they
can induce voids and defects in the subsequent metal filling
processes, leading to physical and electrical failure on devices.

An alternative approach for TSV etching proposed by
Tachi and colleagues in 1988 has shown that sidewall
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passivation in trench features is possible by mixing CF, and
CBrF; gases to a SF¢ plasma when the etch temperature is
below —100°C.° This type of etch processes is referred as
the “cryogenic process.” One of the advantages of the cryo-
genic etch is that it simultaneously controls the etching and
passivation balance at both the bottom and sidewalls of
TSVs. The cryogenic etch represents a steady-state process,
which does not generate scallops on TSV sidewalls due to a
continuous etching/passivation chemistry. In most recent
cryogenic processes, SFg and O, are frequently used to
obtain an anisotropic etch pattern by effectively passivating
sidewalls. In the SFs/O, chemistry, neutral fluorine (F)
atoms are believed to be the main etch radicals and the passi-
vation layer is reported to be an oxide-fluoride compound
(SiO4Fy) film with a thickness of 10-20 nm.’ Cryogenic
processes often utilize hard masks to prevent mask cracking
at low temperature. Trenches with an ER of ~4 ym/min, an
aspect ratio of larger than 10:1, and a silicon/mask selectiv-
ity of 750 can be achieved by cryogenic process using SiO,
hard masks.® However, vertical profiles may not be obtained
using a steady-state chemistry due to depletion of both ions
and etching radicals as feature depth increases, known as the
“aspect ratio dependent etching” (ARDE). It is known that
the loss mechanism of radicals and ions are different: radical
depletion is governed by the Knudsen transport and surface
reactions, and ion loss is contributed by scattering and
deflection to sidewalls by an initial angular distribution.” A
common issue of TSV profiles realized by the cryogenic pro-
cess is the bowing at the top of the feature as a result of the
ARDE.® On the other hand, the practical limitations of using

© 2014 American Vacuum Society 041306-1
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very low temperature often have production issues in terms
of cost and efficiency.

This study explores the feasibility of a near room-
temperature single-step process for TSV etching using the
SF¢/C4Fg chemistry, by investigating the roles of the ion and
neutral species in the processing plasma at various experi-
mental conditions. Suggestions on the etching/passivation
regime of the single-step TSV etching are therefore provided
from the results of this study.

Il. EXPERIMENT

Experiments in this study are carried out in the LAM
2300 SyndionC etching system (LAM Research, USA). The
LAM2300 SyndionC system is an inductively coupled
plasma (ICP) system, as shown in Fig. 1. There are several
key advantages of the SyndionC system for TSV etching,
including (1) continuously tunable etching parameters, such
as chamber pressure, gas flow rate, and bias voltage for vari-
ous etching process; (2) high top power and bottom bias
power; (3) multiple materials, including dielectrics, conduct-
ing films, and silicon, can be etched in this tool in-situ.
Therefore, capital cost and cycle time for TSV etching can
be reduced by avoiding the need for multiple etch systems.

A mass spectrometer (Hiden Analytical Ltd., UK) is used in
this study to investigate the plasma species at different experi-
mental conditions. The mass spectrometer is essentially an
Electrostatic Quadrupole Plasma (EQP) analyzer, which con-
sists of a high-transmission 45° sector field ion energy analyzer
and a quadrupole mass spectrometer. The EQP analyzer is
capable of recording the energy and mass-to-charge ratio distri-
butions of positive ions, negative ions, and neutral species from
a plasma using different operation modes. In this study, the
mass spectrometer is calibrated in a SF plasma. SFY and F~
ions are used to optimize the ion extraction optics and sector
energy filter for positive ions and negative ions, respectively.

Industrial standard 300 mm TSV pattern wafers are used
throughout this study. A 2 um hardmask consisting of SiO,
and Si3Ny and a 4.5 um photoresist reticle are patterned on
the TSV wafers, with an 8§ um CD of the TSV feature. The
hardmask is opened with a SFq and C4Fg plasma before TSV
etching.

Fastvalves

TCP RF Coil Showerhead

Bias RF Coil

Electrostatic Chuck

Fic. 1. (Color online) Schematic diagram of the LAM Syndion C system
with a transformer coupled plasma (TCP) window.

J. Vac. Sci. Technol. A, Vol. 32, No. 4, Jul/Aug 2014

041306-2

lll. RESULTS AND DISCUSSION

Experimental work performed in this study involves using
a mixture of SFg and C4Fg gases to enable the TSV etching
and passivation simultaneously. It is expected that the chem-
istry in a SF¢/C4Fg plasma is much more complicated than
that in a pure SFg or a pure C4Fg plasma due to interactions
between species dissociated from SF¢ and C4Fg. However, it
is not fully understood yet what types of chemical reactions
would occur when the plasma species from SFq and C4Fg
molecules interact with each other, either by theoretical sim-
ulation or experiments. One can speculate that the number
density of fluorine species (positive ions, negative ions, and
neutral F) can be affected by mixing SF¢ and C4Fg gases to-
gether in a plasma. The chemical balance of fluorine species
created by dissociation of SFg molecules can be significantly
shifted by interactions with CF, species from C4Fg dissocia-
tion, as listed in Table I. This mechanism can significantly

TaBLE I. Reactions enhanced by F-species (ions and radicals) in a SF/C4Fg
plasma.

Reaction Rate coefficient (cm® s~ ) Reference
F+ CF; — CF, 20x 1071 10
F+CF, — CF; 1.8x 107! 11
F+ CF — CF, 9.96 x 107" 12
F+ C,F, — CF3 + CF, 48x 10! 13
F + C,Fs — CF; + CF; 1.0x 10" 14
F+ C3F — C3F, 1.0x 10712 14
F+ C,F; — CoF, 1.0x10° 12 14
F+CF;+M — CF,+M 1.6x107% 13
F,+CF, — CF;+F 83x 1071 12
F,+CF; — CF,+F 1.9x10° 15
F, + C,Fy — C,Fs+F 3.5%x 10710 16
F, + CsFg — C3F; +F 35%x10°1° 16
F~ +CF;" — F+CF; 8.7x107% 17
F +CF," — F+CF, 9.1x107® 17
F +CF" — CF+F 98x10°® 17
F~ +CyFs* — F+ C,F;s 9.0x 1078 18 and 19
F +CoF;" — F+C,F, 9.0x10°% 18 and 19
F +CF" - Ch+F 8.7x10°% 17
F +CF;" — CF,+F+F 3.0x1077 17
F +CF" — CF+F, 9.1x10°" 17
F +CF," — CE+CF, +F, 82x107* 17
F~ +CsFs" — CoF, + CF, 8.0x 1078 17
F~ 4+ C3Fs" — C,F, + CF, 8.0x10°% 17
F~ +C3F," — C,Fg+ CF, 8.0x107* 17
F +C,F;" — CoFs+ CF, 8.0x107* 17
F"+CF, — CF' +F, 228x107° 17
F"+CF; — CF," +F, 2.90x107° 17
F"+CF, —» CF;" +F, 1.0x107° 17
F"+CFy — CF; " +F, 1.0x107° 17
F" +CyFg — CoF; " +F, 1.0x107° 17
F"+C,Fs — CF, " +F, 1.0 x 107° 17
F,*4+CF — CF," +F 2.18x107° 17
F," +CF, — CF;* +F 1.79 x 1077 17
F,* 4+ CF; — CF;* +F+F 1.60 x 1077 17
F>,"+CF, — CF;" +F+F, 1.0x 1071 17
F' 4+ CF, — CFE, T +F, 1.0x 1071 17
Fyt 4+ CoFs — CoFsT +F, 1.0x 1071 17
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reduce the silicon ER due to the loss of fluorine atoms used 5x10°

in etching. The other possible interaction mechanism is that

the addition of the SF¢ species can modify the polymeriza- 4x10°-

tion process and change the chemical composition of the de-

posited polymer films, compared with a pure C4Fg plasma.

More importantly, the chemical interactions also depend on 2 3x10°

variables such as SFq:C4Fg gas mixture ratio, chamber pres- g

sure, RF power, and bias voltage. € 2x10°
Comparison between the intensity of the species gener-

ated in a pure SFg or a pure C4Fg plasma and in a SF¢/C4Fg 1x10°4

plasma can provide important information for understanding

the chemical interactions between SFq and C4Fg in a plasma. 0

The relative intensity of the positive ions and neutrals taken 0
into account in a pure SF¢ and a pure C4Fg plasma are shown
in Figs. 2 and 3, respectively.

Figure 2 shows the mass spectroscopy data from a pure 1000 (bl) L B S L
SFg plasma at a RF power of 1500 W and a pressure of 60 | —— Neutral Species
mTorr. It is seen that SF] is the most dominant positive 800 ~ .
ions in the SF4 plasma, followed by SF; (notice that the in-
tensity of SF; ion is plotted with a different scale). This 6004 ]

result disagrees with the simulation data reported in =
Ref. 20 and the experimental data reported in Ref. 21, in %
which cases SF{ is found to be the most dominant positive = 4004
ion species at a power range of 50-3500 W and a pressure
range of 30—150 mTorr. This indicates that the ion compo- 200 ~
sition is pushed to a more dissociated state at high RF
power. Another possible reason is that the chemical 04
0 20 40 60 80 100120 140 160 180 200
RGA (amu)
5x10* . ] . 2x10°
Fic. 3. (Color online) Mass spectroscopy of (a) positive ions and (b) neutral
= ax10° species of a C4Fg plasma operated at 200 sccm, 1500 W, and 40 mTorr.
+ X 1.
Lc}‘)m .
5 . 1x10° 5, balance of SFJ consumption reactions is enhanced in the
= S plasma so that the rate coefficient for dissociation ioniza-
] . IS tion reaction
o 2x10™1 +,
> 5X105LL + +
) v SF§ + SFe — SF3 + SFe + F» (1
= 4
& 1x10*
c
- becomes dominant at this experimental condition. It can be
IOl . .

4 0 : : : seen from Fig. 4 that when T, is less than ~2eV, the rate
coefficient of SFg — SF3+ is larger than that of SFq — SF;,
and reaction (1) becomes a major reaction for SF3+ ion gener-

3x10° . : . : : . . ation. This T, range is typical for an inductively coupled

(b) SF, plasma etcher (such as LAM Syndion C in this study), espe-
cially when it is operated at relatively high pressure and low
, power.

2l | Positive ions and neutral species generated in a pure C4Fg
£ plasma at a RF power of 1500 W and a pressure of 40 mTorr
g are compared in Fig. 3. The sinusoidal pattern in the ion den-
[=

sities in the mass spectroscopy is possibly caused by the dig-

ital modulation of the dwell time. It is clear that CF] and

CF* are the most dominant positive ions in this case. This

observation disagrees with the simulation data reported by

0 20 40 60 80 100 120 140 Vasenkov ef al.? if the major branching of C,F, dissociation
RGA (amu) is assumed by

Fic. 2. (Color online) Mass spectroscopy of (a) positive ions and (b) neutral
species of a SF¢ plasma at 200 sccm, 1500 W, and 60 mTorr. C2F4 - CFz + CFZ» (2)

JVST A - Vacuum, Surfaces, and Films
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(a)

10 R v . . : .
— 1 BEAEN /SFe>SFs  SF.->SF; 4
% 10°4 ©_SF,>SF; ¥
1 + 1
S 104 3 SR
= 1 “~SF5->SF E
21077  SF,->SF; 1
E=S }
Q 107+ 1
(@] ] SF->SF, 3
o 1074 1
® 1 1
@ 1074 1
201 1
10° .
0 7 8
T, (eV)
( )1 o7 X"+Y"->X+Y SFS-?SF; SF5->lSF;
2 3 sFos
S 1074 SF,->SF;—,
= 1
C -
2 10"
o ]
g 107"
o A
O 3
o
T 107°4
CK 1
107" . . ;
0 3 4 5 6

T, (eV)

FiG. 4. (Color online) Rate coefficients of the major reactions of the (a) SFg
ions and molecules and (b) SF, (x < 6) ions and molecules in a SFq plasma.

in which case CF; are the dominant positive ions. However,
the authors stated that if 50% of C,F, dissociation is
assumed to be

C,Fy — CF3 + CF, (3)

the simulation results are in better agreement with experi-
ments. Since CF; ions are observed as a minor species as
shown in Fig. 3(a), it is concluded that the C,F, dissociation
by Eq. (3) is the dominant reaction. It is also noticed in Fig.
3(a) that the ion energy distributions (IEDs) of all species
consist of two peaks with a small energy separation of
~2¢eV. The proposed mechanism for this observation is the
difference in threshold energies of C4Fg dissociation paths
for CF; generation, either through C5Fs

CyFg — CF;r + C5Fs,
C4Fg—>C3F;r+CF3—>CF§r+C3F5, @)

or through C,F,

CysFg — CQFI + CoFy — CF;r + CF + CyFy,

CuFs — CaF} + CaFy — CoF + CF} + CF. ©)

The small separation of two energy peak indicates that the
threshold energy of these two dissociation reaction paths is

J. Vac. Sci. Technol. A, Vol. 32, No. 4, Jul/Aug 2014
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I 200:200 SF,.C,F, at 80 mTorr [Hlll 200 SF, at 40 mTorr
(@) LA
107 3
10° 3

-
o
Gl
ul

10* 4

Intensity

-
o
w

1

10%4

10"4

lons

Il 200:200 SF_.C,F, at 80 mTorr [JJll 200 C,F, at 40 mTorr
CSF5+

CF,+ CF+

(b)108=
107 5
10°+
10°4
10*4

Intensity

10°4
10%4

10'4
lons

F1G. 5. (Color online) Comparison of the mass spectroscopy data of the posi-
tive ions from (a) a pure SF¢ and (b) a pure C4Fg plasma and a SFg/C4Fg
plasma at a RF power of 1500 W.

similar. The threshold energies of reactions (4) and (5) are
found to be 14.4eV and 12.35 eV,” which agree with the
energy peak separation in Fig. 3(a).

The comparisons of the major species from a mixed
SF¢/C4Fg plasma and from a pure SF¢ or C4Fg plasma have
been shown in Figs. 5 and 6, respectively. The experimental
conditions for a pure SF¢ or C4Fg plasma are at a gas flow
rate of 200 sccm and at a pressure of 40 mTorr. The
SFg/C4Fg plasma is operated with 200 sccm SFg and 200
sccm C4Fy at a pressure of 80 mTorr so that the plasma has

] F| ——200 SF,, 40mTorr .
- —— 200 C,F,, 40mTorr i

. ——200:200 SF.C,F,, 80mTorr -

4 8

CF ]
] CF. : CF,

2
ik L A 1 il ha J .l 1

] SF ]

Relative Intensity

‘ Lods 1 In

0 20 40 60 80 100 120
RGA (amu)

FiG. 6. (Color online) Comparison of the mass spectroscopy data of the neu-
tral species from a pure SFs or C4Fg plasma and a SF¢/C,Fg plasma at a RF
power of 1500 W.
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6x10° , : ; :
(a) —— 40 mTorr
5x10° — 60 mTorr
——80 mTorr
—— 100 mTorr
> 4x10° - .
£ |
< 5
2 3x10° 1 B
£
+ M
L 2x10° 1 &
n
1x10° .
0 A T T 1
0 2 4 6 8
E (eV)
2x10° . ;
(b) —— 40 mTorr
—— 60 mTorr
—— 80 mTorr
> 1x10°- —— 100 mTorr |
."ﬁ
[ =
2
£
+t")
4 B
6 5x10
0 T T
0 2 4 6
E (eV)

Fic. 7. (Color online) Comparison of the mass spectroscopy data of the
intensity of (a) SF] and (b) CF{ ions of SFe/C4Fg plasmas at different
pressures.

the same SFg or C4Fg partial pressure. It is known that the
partial pressure can be expressed as

P partialvlotal =P totalvpartiala (6)

where P is the pressure and V is the volume. Since the vol-
ume is the flow rate times time, the partial pressure is simply
depending on the ratio of the partial flow rate over the total
flow rate. In this study, the SFq and C4Fg both have a partial
pressure of 40 mTorr in the SF¢/C4Fg plasma. However, it is
noticed that for electron-impact dissociation, the partial pres-
sure of different ion and neutral species cannot be expressed
by Eq. (6) since the electron temperature decreases at an
increased pressure.

It can be seen from Fig. 5 that the number densities of all
positive ions are reduced in a SF¢/C4Fg plasma, compared to
a pure SF¢ plasma and a pure C4Fg plasma at the same partial
pressure. This may result from either a weaker ionization
due to the decrease of electron density or a stronger
positive—negative ion neutralization when mixing SFg and
C4Fg together. However, it is found that the intensity
decrease is much more significant for lighter species, such as
SF;, SF', S*, CF;, and CF" ions, compared to heavier spe-
cies, such as SF/, SF., and C4F{ . This observation indicates

JVST A - Vacuum, Surfaces, and Films
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TaBLE II. Baseline single-step TSV etching process.

RF power Pressure
W) Viias (V) (mTorr)  SFg (sccm)  C4Fg (scem)  Time (s)
3000 100 30 200 200 600

that the electron-impact ionization is weakened in a
SF¢/C4Fg plasma, since the lighter ions are mainly created
by electron-impact dissociation.

Another observation from Fig. 5 is that the intensity of
the SF; ions in the SF¢/C4Fg plasma is only slightly
decreased, compared to a pure SF¢ plasma. This again indi-
cates that SF; ions are generated not only by the
electron-impact dissociations from SFg but also other multi-
step dissociations from heavy SF; species through
three-body interactions in a SF/C4Fg plasma.

The comparison of neutral species of the SF¢/C4Fg plas-
mas and pure SF¢ or C4Fg plasmas is shown in Fig. 6. It can
be seen that the intensity of the neutral F atoms is much
higher in the SF¢/C4Fg plasma than the sum of that of the
pure SF¢ and C4Fg plasmas. However, the intensity of the
neutral SF; is much lower in the SF¢/C4Fg plasma, which
may be consumed in producing SF; ions by electron-impact
ionization. Major polymer-forming monomers (CF, neu-
trals), such as CF,, CF3, and C,Fj3, are generally increased in
the SF¢/C4Fg plasma. This implies that the passivation mech-
anism would be enhanced if a SF¢/C,Fg plasma is used for
TSV etching processes.

The IEDs of two of the most dominant positive ions in a
SFs/C4Fg plasma, SF§ and CFj, are compared in Fig. 7 at
different operating pressures. It can be seen that, at a rela-
tively low pressure (40 mTorr and 60 mTorr), the IED of
the SF; ions consists of a low-energy peak and one or more
high-energy peaks, whereas the IED of CF; ions consists of
one or more medium-energy peaks. At an increased pres-
sure (80 mTorr), the energy difference between the SF;
and CF3+ ions is reduced. Finally, ions are thermalized at
~0.2eV when the pressure is further increased to

/

} ——— . transition

$4800 10.0kV 5.1mm x2.50k SE(U) 8/7/201221:36

Fic. 8. (Color online) TSV etch profile made by the baseline single-step
etching process in Table II. A transition is clearly seen on the TSV
sidewalls.
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$4800 10.0kV 6.0mm x5.00k SE(U) 9/5/2012 08:44

$4800 10.0kV 8.0mm x2.£
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:

$4800 10.0kV 5.8mm x3.50k SE(U) 9/5/2012 09:11 10.0um

1

7,

(d

F1G. 9. (Color online) Evolution of TSV profile etched by the single-step etching process in Table IIT with a total etch time of (a) 100s, (b) 200s, (c) 300s, and

(d) 400s.

100 mTorr. The different behaviors of the IEDs of SF; and
CF; ions indicate that there is a discrepancy between the
ion angular distributions of SF; and CF; when they arrive
at the substrate surface, especially for a low-pressure etch-
ing process. Since CF; is one of the dominant species in
ion-enhanced polymer deposition and SF] is the dominant
polymer sputtering ion species, the different angular distri-
butions of these two ion species can result in polymer re-
moval preferably at some surface locations than others. As
a result, the ERs at different surface locations are signifi-
cantly affected by the ion flux distribution, which eventu-
ally determine the etch profile.

Understanding the plasma chemistry in the TSV etching
is important for interpreting the etching kinetics at different
experimental conditions. It has been shown earlier in this
paper that the behavior of almost all the plasma species is
distinct in a SF¢/C4Fg plasma compared to a pure SFg or a
pure C4Fg plasma. This suggests that if a Bosch process with
the optimal etching (SF) and passivation (C4Fg) chemistry
balance has been found to realize good anisotropic TSV pro-
files, the single-step process by mixing the same amount of
SFg and C4Fg gases would not result in an optimized aniso-
tropic TSV etch profile due to the chemistry shift from
SF¢/C4Fg interactions. The effects of the ions and neutrals in
the SF¢ and C4Fg will be further explored with experiments
in the following paragraphs.

TasLE III. TSV etching process used for etch profile evolution.

RF power (W) V4, (V)  Pressure (mTorr)  SF¢ (scem)  Cy4Fg (scem)

3000 200 80 220 100
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lower part of the TSVs.
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FiG. 11. (Color online) Diagram illustrating the proposed mechanism for
transition formation on etch profiles produced by single-step etching.

The baseline single-step TSV etching process using a
mixture of SFg and C4Fg (SF4:C4Fg =200:200) is listed in
Table II, and the resulting TSV profile is shown in Fig. 8. It
is interesting that a profile discontinuity, or a profile
“transition,” is found on the sidewalls of the TSV, as a result
of this steady-state single-step process. It is noticed that the
quality of the top part (above the transition) and the bottom
part (below the transition) of the profile have distinct side-
wall smoothness. The top part shows striations of up to
0.3 um in width on the sidewalls, but the bottom part is
smooth and no striations are visible.

Detailed study is required in order to appropriately
explain the formation of the transition and its evolution as a
function of time. More importantly, whether or not the for-
mation of the transition can be controlled by manipulating
the process parameters is critical for practical TSV applica-
tions of the single-step etching method. In order to
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TaBLE IV. SFg flow rate modification for the baseline single-step TSV etch-
ing process at 80 mTorr.

TCP power (W) V4, (V) Pressure (mTorr) SFg (sccm) C4Fg (sccm) Time (s)

(a) 225
(b) 200 200 600
(c) 175

3000 100 80

investigate the origin of the transition formation, TSV pro-
files produced at 100—400 s are compared in Fig. 9 using the
experimental conditions listed in Table III.

It can be seen from Fig. 9 that the transition on the TSV
sidewalls appears as early as an etching time of 100 s, and it
is evolving with the total etch time in both lateral and verti-
cal directions. However, it can be seen that the widths of the
bottom part of TSVs do not significantly change with time.
These results are compared in Fig. 10.

It can be speculated that the reasons for the sidewall
roughness and bowing above the transition are related to the
large angular-spread ion bombardment and insufficient pas-
sivation at the top of the etch profile, and the IED plays an
important role in producing the transition on the TSV profile.
The mechanism of the transition formation is therefore pro-
posed and schematically illustrated as Fig. 11: Polymer films
deposited on sidewalls at the top of the TSV are governed by
neutral (conformal) deposition and can be quickly cleared by
polymer sputtering ions, such as SF;, incident at nonvertical
angles. On the other hand, polymer deposition on the side-
walls at the bottom of the TSV is not cleared fast enough

=P =60 mTorr

2.0 . 1

-
(9]
1
1

ER (um/min)
o

o
&)
1
.

0.0

100 150 200 250 300 350
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0 50

FiG. 12. (Color online) TSV etch profiles obtained by the single-step etching profile with a bias voltage of (a) 300 V, (b) 200 V, and (c) 100 V with etch time of

400s. ER is compared in (d).
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because of the ion-enhanced deposition. Monomers of the
ion-enhanced deposition monomers, such as CFS, have a
significantly smaller angular distribution than neutral deposi-
tion monomers, such as CF,, leading to polymer accumula-
tion at the bottom of the TSV profiles. As etch depth
increases, there is a location with equal contributions of
polymer sputtering and deposition forming on the profile
sidewalls. The sidewalls above this position are dominated
by etching, and the sidewalls below this position are domi-
nated by passivation. This is the origin of the initial transi-
tion on the sidewalls. After the transition is formed on the
sidewalls [as shown in Fig. 9(a)], it blocks a small portion of
ions entered at relatively large angles to prevent them from
reaching the sidewalls beyond the transition, resulting in
smoother sidewalls below the transition, as seen in Figs.
9(b)-9(d).

In order to verify the proposed mechanism for the transi-
tion formation, the effect of the (V) is investigated based on
the baseline single-step etching process. The TSV profiles
produced at 300V, 200V, and 100V at a pressure of
60mTorr are compared in Fig. 12. It can be seen that the
bias voltage plays an important role in the formation of the
transition. The transition can be characterized by the CD dif-
ference above and below the transition. The CD difference
above and below the transition is decreased from 2.8 um at a
bias voltage of 300V to 2.2 um at 200 V, and the transition
is not observed in the etch profile at a bias voltage of 100 V.
Another phenomenon observed in Fig. 12 is that the TSV
profile is more vertical when the bias voltage is increased,
which indicates a more tightened ion angular distribution is
obtained at a higher bias voltage. The increase of the ER as a
function of the bias voltage is almost linear, as shown in Fig.
12(d). This is a combined effect of a higher polymer sputter-
ing yield** and an increased ion-enhanced Si etching yield.?
For F-based chemistry, the linearity behavior of ER on the
bias voltage can be expressed by

ER o \/E;(E; — 10)*, @)

where the ion energy E; is proportional to the bias voltage. It
can be seen from Eq. (7) that if £; > 10 eV, ER is linearly
depending on the ion energy, or the bias voltage.

Since the bias voltage is an important factor in the transi-
tion formation on the TSV profiles, it is reasonable to believe
that the determining factor of the TSV morphology is the
ions which are affected by the bias voltage. Assuming the
transition formation is related to the bombardment of ions
from SFg, directly changing the number density of sputtering
ions by increasing or decreasing the SF¢ to C4Fjg ratio should
have an impact for the transition formation as well. The
investigation of SFg flow rate variation has been performed
at a pressure of 80 mTorr and at a bias voltage of 100V, as
shown in Table IV, and the resulting TSV profiles are com-
pared in Fig. 13. It is clear that the transition is easier to
form at a higher SFg flow rate.

The parametric study of the bias voltage and gas flow
shows that the transition formed on the TSV sidewalls using
the single-step etching approach is related to the number
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FiG. 13. (Color online) TSV etch profiles obtained by the single-step etching
profile with a SF¢ flow rate of (a) 225 sccm, (b) 200 scem, and (¢) 175 scem
at 80 mTorr.

density of ions and ion angular distribution. Since the transi-
tion is most likely not desirable in the TSV profiles due to
the fact that the discontinuity of the TSV can cause electrical
failure after metal filling, selecting appropriate combinations
of bias voltage and gas flows can provide solutions of elimi-
nating the transition and obtaining a smooth TSV profile.
Several candidates for transition-free single-step TSV proc-
esses are listed in Table V and the resulting TSV profiles are
shown in Fig. 14. It can be seen that the approaches for
reducing the transition are reducing the bias voltage, or/and

TaBLE V. Modified single-step TSV etching processes in order to achieve
transition-free TSV profiles.

RF power Pressure

W) Vi (V) (mTorr) SFg (sccm)  C4Fg (sccm)  Time (s)
(a) 3000 100 60 225 200 600
(b) 3000 100 80 200 200 600
(c) 3000 100 100 175 200 600
(d) 3000 80 80 200 200 600
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Fic. 14. (Color online) TSV profile etched by the single-step etching processes in Table V at different pressure, bias voltage, and SFg flow rate combinations.

decreasing the SF¢ flow rate. Sidewall smoothness can be
improved by reducing the pressure, or/and decreasing the
SF, flow rate.

It can be seen from Fig. 14 that the single-step etching
processes in Table V effectively eliminate the visible transi-
tion on the TSV profile at a pressure of 60 and 80 mTorr,
and improve the profile smoothness at 100 mTorr. It is
noticed that a discontinuity is about to appear on the side-
walls in Figs. 14(a) and 14(b), which is characterized by a
drastic CD decrease from the top to the bottom of the etch
profiles. On the other hand, TSV profiles produced by pro-
cess (¢) and (d) have more continuous sidewalls. TSV etched
by process (d) has smaller top bowing and more smooth
sidewalls compared to process (c), which makes it a suitable
candidate for producing TSVs using the single-step etching
method.

IV. CONCLUSION

The mechanisms for the single-step TSV etching using
the SF¢/C4Fg chemistry have been studied by investigating
the plasma chemistry and varying process parameters. It is
found that the balance between the etching and passivation
chemistry are shifted due to the interactions of the dissoci-
ated species from SFq and C4Fg, compared to a pure SFg
etching chemistry, or a pure C4Fg passivation in the tradi-
tional Bosch process.

An observation of the TSV profiles realized by the single-
step etching processes is the transition discontinuity formed
on the sidewalls. The mechanism of the transition formation
is found to be significantly affected by the bias voltage, pres-
sure and SF¢ flow rate. However, the direct cause of the tran-
sition is proposed in this study as a synergistic mechanism of

JVST A - Vacuum, Surfaces, and Films

large-angle ion bombardment at the top sidewalls of the etch
profile and the polymer accumulation at the bottom side-
walls. This mechanism results in a discrepancy in the surface
roughness above and below the transition. It is found that the
transition is evolved from a small discontinuity on the etch
profile and will further grow deeper and wider into a distinct
step due to preferable etching in the vertical direction.

It is concluded from experimental results that decreasing
bias voltage, reducing SF¢ flow rate, and increasing pressure
can prevent the transition from forming at an early stage. A
common result of all these three approaches is to reduce the
density of the high-energy etching ions from SFs. As a
result, each of these approaches will lead to a low ER, and a
large sidewall roughness on etch profiles.

The single-step etching method for producing TSV pro-
files is capable of etching scallop-free profiles and has low
requirements on the etching system. However, its complexity
inherited in the methodology of combining the etching and
passivation chemistries will possibly result in a small pro-
cess window for a production-worthy process because this
method has control on the physical and chemical process of
individual plasma species compared to the Bosch process.
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