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ABSTRACT: Defying text definitions of wet etching, metal- Porous Au
assisted chemical etching (MacEtch), a solution-based, damage-
free semiconductor etching method, is directional, where the
metal catalyst film sinks with the semiconductor etching front,
producing 3D semiconductor structures that are complemen-
tary to the metal catalyst film pattern. The same recipe that
works perfectly to produce ordered array of nanostructures for
single-crystalline Si (c-Si) fails completely when applied to
polycrystalline Si (poly-Si) with the same doping type and level.
Another long-standing challenge for MacEtch is the difficulty of
uniformly etching across feature sizes larger than a few
micrometers because of the nature of lateral etching. The issue of interface control between the catalyst and the semiconductor
in both lateral and vertical directions over time and over distance needs to be systematically addressed. Here, we present a self-
anchored catalyst (SAC) MacEtch method, where a nanoporous catalyst film is used to produce nanowires through the pinholes,
which in turn physically anchor the catalyst film from detouring as it descends. The systematic vertical etch rate study as a function of
porous catalyst diameter from 200 to 900 nm shows that the SAC-MacEtch not only confines the etching direction but also
enhances the etch rate due to the increased liquid access path, significantly delaying the onset of the mass-transport-limited
critical diameter compared to nonporous catalyst c-Si counterpart. With this enhanced mass transport approach, vias on multistacks
of poly-Si/SiO, are also formed with excellent vertical registry through the polystack, even though they are separated by SiO, which
is readily removed by HF alone with no anisotropy. In addition, 320 #m square through-Si-via (TSV) arrays in 550 pm thick c-Si
are realized. The ability of SAC-MacEtch to etch through poly/oxide/poly stack as well as more than half millimeter thick silicon
with excellent site specificity for a wide range of feature sizes has significant implications for 2.5D/3D photonic and electronic
device applications.
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SAC-MacEtch

B INTRODUCTION typically occur in conventional deep reactive ion etching."”

Metal-assisted chemical etching (MacEtch) is a local electro- Photonic and electronic device applications of MacEtched
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structures have been demonstrated including light emitting diodes
(LEDs),” solar cells,"® biosensors,” supercapacitors,8 thermo-
electrics,*” and FinFETs.'”

Typical Si MacEtch starts by depositing a noble metal film
(e.g, Au, Pt, Ag, I, or even graphene)ll_14 as the catalyst on the
substrate. The catalyst can be patterned into any arbitrary shapes
such as dots, meshes, boomerangs.15 Then the sample is
immersed in a solution mixture of acid (e.g, HF) and oxidant
(e.g, H,0, Fe(NO;); KMnO,) to selectively oxidize and etch
the Silocalized under the catalyst film. Local cathodic and anodic
reactions take place during MacEtch, where holes are generated
by the reduction of oxidant (cathodic reaction) at the liquid/
catalyst interface and injected into the valence band of Si to form
the oxidized Si that is subsequently etched by HF (anodic
reaction). The steps that involve the hole generation, injection,
and diffusion are referred to as the carrier generation process
(CG), while the removal of the oxidized Si is referred to as the
mass transport (MT) process.' It has been shown that the
maximum etch rate takes place when CG and MT are balanced,
which ensures minimum lateral movement of the catalysts.

HAR ordered single-crystalline Si (c-Si) structures such as
nanowires (NWs), fins, and via arrays have been demonstrated
using MacEtch. The etch rate, etch direction, porosity on various
types of patterns and dimensions, metal catalysts (e.g, Ag, Pt,
Ag, Pd), substrate doping concentrations,'” acid and oxidants,
solution concentration, and temperature have been reported
extensively.'®

Recently, overcoming the detouring tendency of small and
discrete catalysts, we have achieved highly uniform submicrom-
eter scale c-Si via array by balancing the CG and MT rates during
MacEtch.'® However, the same MacEtch recipe for c-Si via
formation did not yield HAR polycrystalline Si (poly-Si) vertical
via arrays where the poly-Si vias twisted randomly while the
catalyst dots descended. Efforts to readjust etching condition failed
to correct the detouring. We believe the inherent polycrystalline
grains and grain boundaries make the CG and MT rates vary as
MacEtch proceeds downward, making it difficult to achieve the
dynamic balance between CG and MT for uniform vertical
etching.

Note that Chang et al. reported the successful fabrication of
poly-Si and amorphous Si vertical NW arrays,'” by confining the
etching direction using sparsely spaced mesh patterns. In addition,
the fabrication of vertical trenches in ¢-Si using porous metal
catalyst has been also reported by Li et al.”” and Romano et al.”!
However, their work is limited to interconnected mesh and
trench pattern catalysts of particular type of dimensions and does
not fully apply when discrete catalysts of submicrometer sizes are
required for small via formation in poly-Si.

In this work, we present a universal method, self-anchored
catalyst (SAC) MacEtch, to enhance MT and anchor the catalyst
while it descends to the body of the semiconductor materials,
to produce highly uniform, submicrometer scale poly-Si via
array. Figure 1 schematically illustrates the mechanism of SAC-
MacEtch. SAC-MacEtch uses a porous metal catalyst film
(Figure 1a) that confines the etching direction by forming NWs
through the pinholes in the porous catalyst (Figure 1b). As long
as the pinholes are small enough, the produced NWs will be
trimmed (Figure 1c) automatically during etching from diffused
holes away from the Au—Si interface, i.e., remote MacEtch, only
leaving the bottom part to anchor the catalyst dot from moving,
thus the self-anchoring nature. Here we report the successful
demonstration of poly-Si via arrays with diameters varying from
200 to 900 nm at a fixed 1 ym pitch using SAC-MacEtch, proving
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Figure 1. Schematic illustration of the SAC-MacEtch mechanism for
poly-Si: (a) deposition of porous Au film on poly-Si; (b) NWs formed
through the pinholes while the porous Au film descended; (c) NWs
chemically etched by remote MacEtch to become thinner and shorter;
(d) vertical via formation in poly-Si with the NWs self-polished away.

the effectiveness of the anchoring effect. We further demonstrate
the formation of vertical via array on multistacked poly-Si/SiO,
structure by SAC-MacEtch without catalyst delam-
ination or deformation, which can potentially impact the 2.5D/
3D photonic and electronic device applications significantly.
Finally, we show that SAC-MacEtch can also provide significant
mass transport enhancement to enable the formation of TSVs
with lateral feature sizes that are on the submillimeter scale.

B RESULTS AND DISCUSSION

Nonporous (continuous) and porous Au catalyst dot arrays,
with the dot diameters varying from 200 to 900 nm at 1 ym fixed
pitch, were patterned on a poly-Si sample (2 ym thick poly-Si
on 100 nm-thick SiO, on c¢-Si) and MacEtched in a solution
mixture of HF, H,O,, IPA, and DI water. The porosity of the
catalyst dots is controlled simply through evaporation thick-
ness and rate. Details can be found in Methods. The molar
concentration ratio of the HF and H,0,, as defined in eq 1, varied
from 0.1 to 0.32.

p — HZOZ (M)
.0 HE (M) + H,0, (M)

(1)

Figure 2a shows the top view SEM image of the etched mor-
phology using nonporous Au catalyst array of 700 nm diameter

Figure 2. Top view SEM images of a 700 nm diameter via array produced
using (a) nonporous and (b) porous Au catalyst film, respectively, in a
MacEtch solution with py; o, = 0.32 for 10 min.

dots, MacEtched in 0.32 py o, for 10 min. Catalyst detouring
normally originates from catalyst motion induced by the trapped
H, (one of the etching byproducts),22 limited mass transport,23
or nonuniform mass transport rate under the catalyst due to the
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limited liquid access.”* By decreasing the oxidant concentration
(thus reducing H, generation), the catalyst delamination was
minimized, but the catalyst detour within every etched via could
not be avoided (Figure S1 in Supporting Information).

The nonuniform etching under the catalyst becomes more evi-
dent as the catalyst diameter decreases. Figure Sla and Figure S1b
show the top view SEM images of nonporous Au catalyst array
of 200 and 900 nm diameter dots at 1 pm pitch, respec-
tively, MacEtched in 0.1 py,c, for 10 min. Inset of Figure Sla

shows a zoom-in image of the detoured catalyst. Scale bar is
50 nm. At lower H,0, concentration, although the catalyst
delamination is minimized as expected, the catalyst detouring
within every etched via is observed. It can be seen that as the
catalyst diameter decreases, catalyst deformation is reduced;
however, the catalyst detouring to random directions is increased.

Obviously, the grains in poly-Si contain crystallites with
different crystal orientations. The discrete catalyst motion can
easily be directed away from the vertical trajectory if the etch rate
is uneven spatially as a result of grain size and orientation
difference in the polycrystalline structure underneath the
catalyst. As reported by Chern et al.”” in their study of MacEtch
using Ag mesh patterned catalyst on (100), (110), (111) c-Si
substrates, the etching proceeded preferably in (100) direction at
high oxidant concentration, due to the limited amount of HF,
and the preferred etching direction changed to (110) and (111)
at low oxidant concentration. For polycrystals, when the catalyst
overlaps with more than one grain (the grain size varies from
~200 to ~300 nm), the etch rate under the catalyst becomes
nonuniform, and the catalyst dots tilt to the direction of the grain
where the etch rate is the fastest. It should be noted that etching
occurs more readily and faster at the grain boundaries because
the grain boundary atoms are more easily and rapidly dissolved
than the atoms within the grains.26 Therefore, both the presence
of different crystal orientations and the grain boundaries of
poly-Si are attributed to nonuniform etching under the catalyst
deposited on poly-Si. We believe this is the reason that prevented
continued etching vertically into the poly-Si, when the same
etching recipe and same patterning were used to produce
perfectly ordered via arrays in c¢-Si of similar doping levels.

In order to confine the etching direction normal to the sub-
strate continuously, instead of depositing a continuous catalyst
film, porous catalyst can be deposited by controlling the metal
thickness and deposition rate. Thus, the formation of porous Au
film can be achieved at a deposition condition in between that for
discrete island morphology and for nonporous film. The average
pinhole size and pore coverage as a function of the Au film
thickness at fixed deposition rate for this study can be found in
Figure S2. The average pinhole size increases as the deposition
thickness decreases or the deposition rate increases. Figure 2b
shows the top view SEM image of the etch result under all
identical conditions as in Figure 2a, except porous Au catalyst was
employed. The catalyst delamination, deformation, and detour-
ing resulting from the uneven etch rate under the catalyst are
nearly eliminated as compared to the nonporous catalyst.

The mechanism of the catalyst anchoring and etch direction
confinement in porous catalyst are investigated by examining the
resultant samples as a function of etch time. Figure 3a shows the
top view SEM image of the porous catalyst array before MacEtch.
The inset shows the high magnification image of a single catalyst
deposited on the multipoly grains. Figure 3b shows the SEM image
of the 700 nm diameter catalyst with porous Au MacEtched in
0.32 py,0, for 2 min. NWs of approximately sub-20 nm diameter

9118

(a)

Figure 3. Top view SEM images of (a) porous catalyst dot (mesh-in-dot)
before MacEtch, where inset shows the high magnification view of a single
catalyst dot deposited on the multipoly grains; (b) initial stage (2 min) of
MacEtch showing the formation of NWs (520 nm in diameter) through
the porous catalyst pinholes; (c) vias showing the NWs are etched after
10 min etching; (d) an example of vias formed by porous catalyst dots
with larger (~100 nm) NWs, through bigger pinholes, remaining after
10 min etching.

are formed through the pinholes in the porous Au catalyst film.
This makes the catalyst dot similar to the mesh pattern catalyst
within the dot area, which is essentially mesh-in-dot double
patterning. During the MacEtch, NWs formed through the mesh
pinholes anchor (confine) the catalyst dot from delamination
and deformation. Figure 3¢ shows the result after 10 min etching.
With the longer etch duration, the NWs are no longer visible
from the top, presumably chemically polished away by the
diffusion of the unconsumed holes.”” For comparison, larger
NWs (~100 nm, Figure 3d) formed through bigger pinholes in
the porous catalyst film remain clearly visible, MacEtched under
the same condition as in Figure 3c. This is because only the
surface of NWs is chemically etched from the diffusion of the
unconsumed holes and it takes longer time for thicker wires to be
completely polished away.

Figure 4a and Figure 4b show the 52°-tilted cross-sectional
SEM images of the 800 and 400 nm diameter poly-Si via array

Figure 4. 52°-tilted cross-sectional SEM images after FIB showing via array
fabricated with porous Au catalyst array of (a) 800 nm and (b) 400 nm
diameter, at a fixed pitch of 1 ym, etched in identical MacEtch solution
for 10 min.

produced by MacEtch using porous catalyst with sub-20 nm
pinholes in 0.32 py o, for 10 min. It can be seen that both 800 and

400 nm diameter catalyst arrays sink down vertically to form
poly-Si vias without catalyst detouring or delamination. They
also show that the NWs formed through the pinholes are
chemically polished away at the end of the etching process.
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Next, we systematically examine the SAC-MacEtch rate trend
of poly-Si as a function of size and compare with that of c-Si.
Shown in Figure S is the vertical etch rate as a function of the
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Figure S. Plot of measured and simulated etch rates as a function of
diameter at a fixed pitch of 1 um, MacEtched at 0.19 and 0.32 py; o, for

poly (dashed line) and single crystalline (solid lines) Si at conditions
indicated.

catalyst diameter at a fixed pitch of 1 ym for c-Si with regular
MacEtch and poly-Si with SAC-MacEtch. The symbols, as noted
in the figure legend, represent the measured vertical etch rate at
the indicated solution concentration, while the solid (black and
red) and dashed lines (blue and green) represent the simulated
results for c-Si nonporous Au-MacEtch and poly-Si Au SAC-
MacEtch, respectively. The corresponding SEM images of the
etched structures can be found in the Supporting Information
(Figure S3 and S4). Fitting to measured etch rate was performed
by the empirical vertical etch rate model.'®

In c-Si (black and red traces), a parabolic dependence of
vertical etch rate on via diameter can be seen, consistent with
previous reports.'® This is because the vertical etch rate increases
with increasing catalyst diameter due to the enhanced CG
(CG rate limited regime), until the diameter reaches a size that is
large enough such that MT becomes the rate-determining step,
where vertical etch rate decreases with inversing diameter. The
etch rate decreases with decreasing H,0, concentration, due to
the reduced hole injection rate, and the etch rate peak shifts to
smaller diameter with increasing oxidant concentration.'® In
contrast, the etch rate in poly-Si SAC-MacEtch continues to
increase with diameter (e.g, from 40 to 320 nm/min as the
diameter increases from 200 to 900 nm at 0.32 szoz). No

saturation or pivoting downward in the same range of diameters
as that for the single crystal counterpart is observed. MT process
refers to the transport of reactants to and byproducts away from
the etching front. Therefore, MT is determined by the size,
thickness, morphology of the catalyst, and the property of the
underlying semiconductors.”® According to the Lai et al., van der
Waals force is one of the primary forces that govern the MT of
the reactant and byproducts.”” The change in MT by the
difference in van der Waals force between the single crystalline vs
polycrystalline structures should not be significant as compared
to the one between the different materials (e.g., Si vs GaAs). We
therefore attribute most of the MT enhancement to the porous
catalyst, which enables additional etchant solution access
through the pinholes. The amount of MT enhancement can be
estimated by fitting the experimental etch rate data to empirical
vertical etch rate model'® as described as

RMacEtch =a+ xRMT + RCG

@)

9119

where a is the intercept, Rc is the etch rate increased by the CG,
and Ryy is the etch rate decrease by the limited MT. Ry = —bD
— ¢D* and Reg = bP — cP* + 2cDP, where D and P are the
diameter and pitch of the catalyst array and b and ¢ are extracted
first and second order polynomial coefficients. Extracted values
of the parameters of a, b, and ¢ are 40.78, 108.71, and 320.72 for
0.19 py1.0, and 74.08, 214.98, and 319.58 for 0.32 pH,0,. The

detailed derivation of the empirical etch rate model can be found
in the work by Kim et al."®

For simplicity, the decrease in CG with porous catalyst vs
continuous catalyst film can be treated as negligible because of
the small pore size; and under the oxidant concentration range
studied here, we can assume the difference in net etch rate of
poly-Si and ¢-Si without grain boundary consideration is small
because of the weak dependence on crystal orientation.'® Then
the etch rate of the poly-Si can be fitted by replacing the Ry with
xRyr, which indicates that the etch rate decreased by MT (Ryr)
is reduced by x percent. The poly-Si etch rates for both 0.19 and
0.32 py o, fit when x = 0.6, which indicates that the vertical etch
rate decreased by the limited MT is reduced by 60% (i.e., MT is
enhanced by 40%). This confirms the enhanced mass transport
nature of SAC-MacEtch, in addition to its anchoring effect.

With use of the SAC-MacEtch, not only the motion of the
catalyst can be confined, but also the MT can be engineered to
fabricate the complex 3D via array structures. Figure 6a and
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Figure 6. (a) Top and (b) cross-sectional SEM images of 2 ym diameter
and 4 ym pitch via array formed on poly-Si/SiO, stacks by MacEtched at
0.32 py,0, for S min, (c) cross-sectional schematic of the etched via with
SiO, lateral etching, (d) simulated SiO, lateral etching depth
(LSiOZ_LM(n)) as a function of poly-Si MacEtch rate (Rpolysi_MacEtch) at

varied SiO, vertical etch rate (RSiOZ_Ver)'

Figure 6b show top and cross-sectional SEM images of 2 ym
diameter discrete dot catalyst array at pitch of 4 ym deposited on
the 200/50 nm poly-Si/SiO, stacked substrate, MacEtched in
0.32 py,0, for 5 min. The catalyst vertically etches through the

poly-Si by SAC-MacEtch, then continues to etch through the
SiO, layer by chemical etching. During this etching process, the
catalyst is anchored from delamination and detouring such that it
forms the uniform through via array on the stacked poly-Si/SiO,
substrate. Note that the SiO, layers are laterally etched; etch depth
linearly increases from 256 to 910 nm from the bottom to the top
of the SiO, layers. The SiO, lateral etching starts when the SiO,
layer is exposed right after catalyst etches through the poly-Si

DOI: 10.1021/acsami.7b17708
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placed above the SiO, layer such that the time that SiO, layer is
exposed to solution for lateral etching decreases for the deeper layer.

The lateral etch depth of the first SiO, layer is smaller than the
vertical via etch depth. This indicates that the lateral etch rate of
the SiO, is slower than the vertical etch rate of poly-Si and SiO,.
The MT of the poly-Si and the SiO, vertical etching is greater
than the MT of SiO, lateral etching; MT of the vertical etching is
enhanced by the porous catalyst, while the MT of the SiO, lateral
etching is limited by the thickness of the SiO,.

Figure 6¢ shows the cross-sectional schematic of the etched
poly-Si/SiO, stacked via. The lateral etch depth for the nth SiO,

layer (LSiOZ_Lat(n)) can be analytically described as

n
Lo, 1at(n) = Rgio, 10¢ X —t

n 3)
where 7, is the total number of the stacked poly-Si/SiO, vertically
etched through, Rgo, 1, is the SiO, lateral etch rate, and ¢ is the

total etch time.
On the other hand, the vertical etch depth though stacked
poly-Si/SiO, can be described as

LVer = (RPolysifMacEtch + RSi027Ver) Xt

(4)
where Ly, is the vertical etch depth, Rp,py wacptcn is the poly-Si
vertical MacEtch rate, Ry, v, is the SiO, vertical etch rate.
Rgio, 10 and Rgo, v, are different due to the etch rate difference
from the limited MT. Since the t is the same, eqs 3 and 4 can be

combined as

n(RSiOZ_Lat X LVer)

Lsio, 1a(n) =
o nt(RPolysi_MacEtch + RSiOZ_Ver)

©)
This indicates that the LSiOLLat(n) can be quenched by increasing

the RPolysi_MacEtch or RSiOz_Ver) or decreasing the RSiOZ_Lat'

Rpolysi Macktch €an be increased by increasing H,O, concentration,
Rgio, ver can be increased by increasing the catalyst pinhole

density. Note that Rgo, ver and Rgio, 1, are simultaneously

affected by the solution concentration. Figure 6d shows the
simulated Lo, 1,(1 = n,) as a function of Rpoiysi Mackeen from S to

1000 nm/min at various Rg;o, ve from 50 to 800 nm/min. The
Ly, is fixed to 2 pum, R, 4 is fixed to 200 nm/min. Lgo, 14

decreases as the Rpqjyi mackech increases and then gets saturated at
large Rpoiyi Macktch Lsio, 1o decreases as the Rgo, v, increases

from 50 to 800 nm/min. The decrease in Lg;q, 1, with increasing
RSiOLVer is larger for low RPolysiiMacEtch'

Clearly, SAC-MacEtch plays a critical role in enhancing mass
transport and preventing the catalyst movement due to uneven
etching in polycrystals. This technique can be equally powerful
for single crystal etching where the liquid access is restricted.
For example, the fabrication of via arrays over a 4-in. wafer with
via diameter of 27.1—29.7 ym and depth of 159—164 pm in c-Si
using porous metal catalyst has been reported by Li et al.*’
Shown in Figure 7 are SEM and optical images showing the
process of achieving silicon vias as wide as 320 ym all the way
through on a piece of 550 um thick wafer using SAC-MacEtch
at 0.26 py o, While NWs were formed and clumped together
inside the vias after 1.5 h (Figure 7a) and 6 h (Figure 7b) of
MacEtch, most of NWs were chemically etched after 48 h
(Figure 7c). Porous catalyst film continued to descend into the
c-Siwafer, enabling a complete formation of TSV in 550 ym thick
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Figure 7. 45°-tilted SEM images of 320 X 320 ym? via array in single
crystal Si fabricated with porous Au catalysts as a function of etching
time ((a) 1.5 h, (b) 6 h, and (c) 48 h), under MacEtch in 0.26 py ..
(d) Optical image of a TSV array in a piece of single crystal 550 ym thick
Si wafer after 96 h of etching.

c-Si after 96 h (Figure 7d) of MacEtch. The lateral dimension and
vertical depth of our TSVs are nearly half a millimeter, which are
extremely challenging scales unprecedented for MacEtch to
tackle. SAC-MacEtch exactly fulfilled the needs to meet both
challenges. It should be noted that sidewall roughness and porosity
of these TSVs are not well-controlled due to the extended time
required at the specified condition to allow the etching through the
entire wafer thickness. The sidewall morphology of the TSV can
be optimized by speeding up the etching via magnetic-field-
guided MacEtch®" or dual patterning of porous catalyst on both
front and backside of the substrate with precise alignment.

B CONCLUSION

We have developed and demonstrated the effectiveness of the
SAC-MacEtch on via formation in poly-Si and poly-Si/SiO,
stack. Uniform vertical etching has been achieved by balancing
CG and MT despite the randomly distributed polycrystalline grains
and grain boundaries. Vertical MacEtch rate of poly-Si using
porous catalyst arrays was systemically studied by varying catalyst
dot diameter at fixed 1 pm pitch. Under 1 pm pitch, etching rate
increased continuously as the diameter increased up to 900 nm,
without saturation in etching rate, which is attributed mostly to
the enhanced MT by solution access through the pinholes in the
porous catalyst. Subsequently, an array of vias with diameters of
2 pm at a fixed pitch of 4 um has been realized on poly-Si/SiO,
stacks through poly-Si SAC-MacEtch and SiO, chemical etching.
Also, for the first time, enabled by the anchoring effect and
enhanced etchant access through the porous catalyst in SAC-
MacEtch, submillimeter lateral scale TSVs through the entire
depth of a wafer (550 m) are realized with excellent site spec-
ificity in c-Si. This study shows that the SAC-MacEtch plays a
critical role in achieving closely packed submicrometer size vias
in poly-Si potentially not only for high density memory and opto-
electronic device applications but also for large TSVs inter-
connect in 3D integrated circuits. On the fundamental side,

DOI: 10.1021/acsami.7b17708
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SAC-MacEtch reveals that the onset of the mass-transport
limited critical diameter is delayed significantly compared to the
nonporous catalyst c-Si counterpart and confirms the interplay
of the CG and MT fundamental aspects in the MacEtch
mechanism.*

B METHODS

SAC-MacEtch on Poly-Si. The substrate consists of 2 um low-
pressure chemical vapor deposition (LPCVD) grown poly-Si on oxide
deposited on boron doped p-type (100)-oriented c-Si with resistivity of
1—50 £-cm. Prior to any process, the substrate was subjected to a RCA
cleaning processes: organic contaminants removal in 1:1:5 ammonium
hydroxide (NH,OH)/hydrogen peroxide (H,0,)/deionized water
(DI) at 80 °C, native oxide stripe in 1:10 buffer oxide etchant (BOE)
and ionic contaminant removal in 1:1 hydrogen chloride (HCI)/DIL
After the cleaning process, electron lithography resist of 950
poly(methyl methacrylate) (PMMA) in 2% anisole was spin coated at
2500 rpm for 30 s to deposit 80 nm resist film on the substrate. Then
electron beam lithography with 10 kV beam voltage and 20 ym aperture
was used for exposure of submicrometer dot array patterns. The exposed
patterns were developed in 1:3 methyl isobutyl ketone (MIBK)/
isopropyl alcohol (IPA) for 2 min at room temperature. Then porous
(6 nm thick) Au and nonporous (18 nm thick) Au were deposited at
deposition rate of 0.7 A/s using CHA SEC-600 electron beam
evaporator for the MacEtch comparison. Subsequently, the deposited
Au film on the PMMA was lifted off by immersing the samples in
remover PG for 30 min at 60 °C and sonicating in the IPA for 10 min.

Both samples with porous and nonporous Au were MacEtched in the
solution of 49% hydrofluoric acid (HF, 0.56 M), 30% hydrogen peroxide
(H,0,, 0.13 M, 0.26 M), isopropyl alcohol (IPA, 0.21 M), and DI
(0.88 M). The top view of the etched samples was inspected with a
Hitachi S-4800 scanning electron microscope (SEM), and the cross
section of the etched samples was inspected with FEI DB 235 dual-beam
focused ion beam (FIB) system.

SAC-MacEtch on Poly-Si/SiO, Stack. The substrate consists of
20 pairs of LPCVD grown 200 nm poly-Si and 50 nm SiO, stack on boron
doped p-type (100)-oriented c-Si. Prior to any process, the substrate was
thoroughly cleaned by the same cleaning method as described above.
Micrometer scale via array with a diameter of 2 ym at a fixed 4 ym pitch
was patterned on the substrate using a standard photolithography. Then
the porous Au was deposited with a deposition rate of 0.7 A/s by CHA
electron beam evaporator. The sample was MacEtched in a solution of
49% hydrofluoric acid (HF, 0.56 M), 30% hydrogen peroxide (H,0,,
0.26 M), isopropyl alcohol (IPA, 0.21 M), and DI (0.88 M) for S min.

SAC-MacEtch on c-Si for TSV. The substrate is a 550 pym thick
p-type (100)-oriented c-Si with resistivity of 1—50 Q-cm. Submillimeter
scale square via array with a size of 320 X 320 ym?” was patterned by the
standard photolithography. Then porous Au was deposited with a depo-
sition rate of 0.7 A/s by CHA electron beam evaporator. The sample was
MacEtched in a solution of 49% hydrofluoric acid (HF, 0.56 M), 30%
hydrogen peroxide (H,0,, 0.26 M), isopropyl alcohol (IPA, 0.21 M),
and DI (0.88 M) for 1.5, 6, 48, and 96 h, respectively. The MacEtch
solution was replaced every 3 h to prevent the change in solution
concentration due to the solution evaporation and consumption.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsami.7b17708.

SEM images and pore size and coverage (PDF)

B AUTHOR INFORMATION
Corresponding Author

*E-mail: xiuling@illinois.edu.

ORCID

Parsian K. Mohseni: 0000-0002-9377-7454

Munho Kim: 0000-0002-0379-1886
Lingyu Kong: 0000-0001-6057-8144

Present Address

OP.K.M.: Microsystems Engineering, Rochester Institute of
Technology, Rochester, NY 14623.

Author Contributions
’_].D.K. and ML.K. contributed equally to this work.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported in part by the National Science
Foundation through the Civil, Mechanical and Manufacturing
Innovation under Grant 14-62946, a gift from Western Digital
Corporation, and I2CNER.

B REFERENCES

(1) Asoh, H.; Arai, F.; Ono, S. Effect of noble metal catalyst species on
the morphology of macroporous silicon formed by metal-assisted
chemical etching. Electrochim. Acta 2009, 54, 5142—5148.

(2) Dawood, M. K;; Tripathy, S.; Dolmanan, S. B,; Ng, T. H.; Tan, H;
Lam, J. Influence of catalytic gold and silver metal nanoparticles on
structural, optical, and vabrational properties of silicon nanowires
synthesized by metal-assisted chemical etching. J. Appl. Phys. 2012, 112,
073509.

(3) Mohseni, P. K.; Kim, S. H.; Zhao, X.; Balasundaram, K.; Kim, J. D.;
Pan, L.; Rogers, J. A.; Coleman, J. J.; Li, X. GaAs pillar array-based light
emitting diodes fabricated by metal-assisted chemical etching. J. Appl.
Phys. 2013, 114, 064909.

(4) Shin, J. C.; Chanda, D.; Chern, W.; Yu, K. J.; Rogers, J. A; Li, X.
Experimental study of design parameters in silicon micropillar array
solar cells produced by soft lithography and metal-assisted chemical
etching. IEEE Journal of Photovoltaics. 2012, 2, 129—133.

(5) Um, H.-D.; Kim, N,; Lee, K; Hwang, L; Seo, J. H,; Yu, Y. Y,; Duane,
P.; Wober, M.,; Seo, K. Versatile control of metal-assisted chemical
etching for vertical silicon microwire arrays and their photovoltaic
applications. Sci. Rep. 2015, 5, 11277.

(6) Yeo, C; Kim, J. B; Song, Y. M,; Lee, Y. T. Antireflective silicon
nanostructures with hydrophobicity by metal-assisted chemical etching
for solar cell applications. Nanoscale Res. Lett. 2013, 8, 159.

(7) Dawood, M. K; Zhou, L.; Zheng, H.; Cheng, H; Wan, G;
Rajagopalan, R.; Too, H. P.; Choi, W. K. Nanostructured Si-nanowire
microarrays for enhanced-performance bio-analytics. Lab Chip 2012, 12,
5016—5024.

(8) Peng, K.-Q,; Wang, X;; Li, L.; Hu, Y.; Lee, S.-T. Nano Today 2013,
8,75—97.

(9) Hochbaum, A. I; Chen, R;; Delgado, R. D.; Liang, W.; Garnett, E.
C.; Najarian, M.; Majumdar, A.; Yang, P. Nature 2008, 451, 163—167.

(10) Song, Y.; Mohseni, P. K; Kim, S. H.; Shin, J. C.; Ishihara, T.;
Adesida, L; Li, X. Ultra-high Aspect Ratio InP Junctionless FinFETs by a
Novel Wet Etching Method. IEEE Electron Device Lett. 2016, 37, 970—
973.

(11) Lee, J.-P.; Choi, S.; Park, S. Extremely superhydrodrophobic
surfaces with nicro-and nanostructures fabricated by copper catalytic
etching. Langmuir 2011, 27, 809—814.

(12) Asoh, H.; Arai, F.; Uchibori, K.; Ono, S. Pt-Pd-Embedded Silicon
Microwell Arrays. Appl. Phys. Express 2008, 1, 067003.

(13) Kim, J.; Lee, D. H; Kim, J. H; Choi, S.-H. Graphene-Assisted
Chemical Etching of Silicon Using Anodic Aluminum Oxides as
Patterning Templates. ACS Appl. Mater. Interfaces 2015, 7, 24242—
24246.

(14) Hu, H.; Mohseni, P. K; Pan, L.; Li, X.; Somnath, S.; Felts, J. R;;
Shannon, M. A.; King, W. P. Fabricationof arbitrarily shaped silicon and
silicon oxide nanostructures using tip-based nanofabrication. J. Vac. Sci.
Technol,, B: Nanotechnol. Microelectron.: Mater., Process.,, Meas., Phenom.
2013, 31, 06FJOL.

DOI: 10.1021/acsami.7b17708
ACS Appl. Mater. Interfaces 2018, 10, 9116—9122


http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acsami.7b17708
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b17708/suppl_file/am7b17708_si_001.pdf
mailto:xiuling@illinois.edu
http://orcid.org/0000-0002-9377-7454
http://orcid.org/0000-0002-0379-1886
http://orcid.org/0000-0001-6057-8144
http://dx.doi.org/10.1021/acsami.7b17708

ACS Applied Materials & Interfaces

Research Article

(15) Chun, L S.; Chow, E. K,; Li, X. Nanoscale three dimensional
pattern formation in light emitting porous silicon. Appl. Phys. Lett. 2008,
92, 191113.

(16) Kim, J. D.; Mohseni, P. K; Balasundaram, K.; Ranganathan, S.;
Pachamuthu, J; Coleman, J. J.; Li, X. Scaling the Aspect Ratio of
Nanoscale Closely Packed Silicon Vias by MacEtch: Kinetics of Carrier
Generation and Mass Transport. Adv. Funct. Mater. 2017, 27, 1605614.

(17) Balasundaram, K.; Sadhuy, J. S.; Shin, J. C.; Azeredo, B.; Chanda,
D.,; Malik, M;; Hsu, K; Rogers, J. A,; Ferreira, P.; Sinha, S; Li, X.
Porosity control in metal-assisted chemical etching of degenerately
doped silicon nanowires. Nanotechnology 2012, 23, 305304.

(18) Huang, Z.; Geyer, N.; Werner, P.; de Boor, J.; Gosele, U. Metal-
assisted chemical etching of silicon: a review. Adv. Mater. 2011, 23,285—
308.

(19) Chang, S.-W.; Chuang, V. P.; Boles, S. T.; Thompson, C. V. Metal-
Catalyzed Etching of Vertically Aligned Polysilicon and Amorphous
Silicon Nanowire Arrays by Etching Direction Confinement. Adv. Funct.
Mater. 2010, 20, 4364.

(20) Li, L; Liu, Y;; Zhao, X; Lin, Z.; Wong, C.-P. Uniform vertical
trench etching on silicon with high aspect ratio by metal-assisted
chemical etching using nanoporous catalysts. ACS Appl. Mater. Interfaces
2014, 6, 575.

(21) Romano, L.; Vila-Comamala, J.; Jefimovs, K.; Stampanoni, M.
Effect of isopropanol on gold assisted chemical etching of silicon
microstructures. Microelectron. Eng. 2017, 177, 59—65.

(22) Kong, L.; Zhao, Y.; Dasgupta, B.; Ren, Y.; Hippalgaonkar, K; Li,
X.; Chim, W. K;; Chiam, S. Y. Minimizing Isolate Catalyst Motion in
Metal-Assisted Chemical Etching for Deep Trenching of Silicon
Nanohole Array. ACS Appl. Mater. Interfaces 2017, 9, 20981.

(23) Geyer, N.; Fuhrmann, B.; Huang, Z.; de Boor, J.; Leipner, H. S.;
Werner, P. Model for the mass transport during metal-assisted chemical
etching with contiguous metal films as catalysts. J. Phys. Chem. C 2012,
116, 13446.

(24) Li, X. Metal assisted chemical etching for high aspect ratio
nanostructures: A review of characteristics and applications in
photovoltaics. Curr. Opin. Solid State Mater. Sci. 2012, 16, 71—81.

(25) Chern, W.; Hsu, K.; Chun, 1. S.; Azeredo, B. P. de; Ahmed, N.;
Kim, K.-H.; Zuo, J.-M.; Fang, N.; Ferreira, P.; Li, X. Nonlithographic
patterning and metal-assisted chemical etching for manufacturing of
tunable light-emitting silicon nanowire arrays. Nano Lett. 2010, 10,
1582—1588.

(26) Chasiotis, I; Knauss, W. G. The mechanical strength of
polysilicon films: Part 1. The influence of fabrication governed surface
conditions. J. Mech. Phys. Solids 2003, S1 (8), 1533—1550.

(27) Qu, Y.; Zhou, H.; Duan, X. Porous silicon nanowires. Nanoscale
2011, 3, 4060—4068.

(28) Geyer, N.; Fuhrmann, B.; Huang, Z.; de Boor, J.; Leipner, H. S.;
Werner, P. Model for the Mass Transport during Metal-Assisted
Chemical Etching with Contiguous Metal Films As Catalyst. J. Phys.
Chem. C 2012, 116 (24), 13446—13451.

(29) Lai, C. Q;; Cheng, H.; Choi, W. K.; Thompson, C. V. Mechanics
of Catalyst Motion during Metal Assisted Chemical Etching of Silicon. J.
Phys. Chem. C 2013, 117 (40), 20802—20809.

(30) Li, L.; Zhang, G.; Wong, C.-P. Formation of Through Silicon Vias
for Silicon Interposer in Wafer Level by Metal-Assisted Chemical
Etching. IEEE Trans. Compon., Packag, Manuf. Technol. 2015, S (8),
1039—-1049.

(31) Balasundaram, K.; Mohseni, P. K; Shuai, Y.-C.; Zhao, D.; Zhou,
W.; Li, X. Photonic crystal membrane reflectors by magnetic field-
guided metal-assisted chemical etching. Appl. Phys. Lett. 2013, 103,
214103.

(32) Li, X.; Bohn, P. W. Metal-Assisted Chemical Etching in HF/H,0,
Produces Porous Silicon. Appl. Phys. Lett. 2000, 77, 2572—2574.

9122

DOI: 10.1021/acsami.7b17708
ACS Appl. Mater. Interfaces 2018, 10, 9116—9122


http://dx.doi.org/10.1021/acsami.7b17708

