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ABSTRACT

In situ scanning tunneling microscopy (STM) and ex situ atomic force microscopy (AFM) were used to examine the
surface morphology of anodized p-Si(100) electrodes in F -containing solutions. In addition to the formation of a mainly
pitted and rough surface, in situ STM observation of anisotropic etching of Si(100) in dilute (1%) HF showed the formation
of well-defined features, such as peninsulas, a 27 nm wide V-groove, and many protruding 5 nm wide micropyramids.
High-resolution in situ STM resolved atomic features at the V-groove limiting (111) facets. Although this slightly etched Si
sample contained no quantum pillars, it luminesced orange under UV irradiation, in the same way as a porous Si layer
prepared by anodization in a more concentrated HF (1:1 HF:EtOH) solution. A loosely bound surface porous Si layer as
thick as 100 nm was revealed by AFM and a 2 pm® square depression could be fabricated in this layer by exerting stronger
compressive force. The chemical nature of the surface film prepared by anodic etching in 1:1 HF:EtOH was further probed

by x-ray photoemission spectroscop{1 (XPS), transmission Fourier transform infrared spectroscopy (FTIR), and laser
C

ionization microanalysis (LIMA) te:

porous Si can be caused by a chemically modified (Si/H/O) layer on the su

Chemical and electrochemical etching of silicon has been
applied to the fabrication of submicrometer features on the
surface and the production of porous Si layers.' Because of
the high porosity of porous Si, it can be oxidized readily in
an O,-rich environment to give a 1 um thick dielectric SiO,
layer for insulating electronic elements in integrated cir-
cuits.” Porous Si has also been suggested as a potential
optical material for light emitting devices.? Preferential
(anisotropic) etching of Si along the (110) and {100) direc-
tions is used in microfabrication.* A typical chemical etch-
ing solution for Si contains an oxidant to react with the
surface Si atoms to form higher oxidation states, such as
Si(II) and Si(IV), that react with F~ species to produce solu-
ble complexes. The oxidizing strength of the oxidant plays
a crucial role in determining the shape of the etched surface
features. Too strong an oxidant, like nitric acid (HNO,),
leads to isotropic (orientation independent) etching.’
Chemical etching of Si with an aqueous KOH solution is
strongly anisotropic; this solution has been used to produce
high aspect ratio surface features.* Generally speaking, the
etch rate of Si follows the order of (100) > {(110) > (111).* The
mechanism and causes of this anisotropic etching are of
interest and have been studied in attempts to improve Si
micromachining capabilities.®” One tentative model® in-
volves correlating the dangling bond density on each of the
low index Si surfaces with their reactivities, but the result
failed to account for the marked difference in etch rate of
600:300:1 in 44 weight percent (w/o) KOH for the
(100):(111):(110) planes whose dangling bond density ratio
is only 1:0.58:0.71. Kendall® suggested that the growth of a
passive oxide film on the (111) face is faster than the other
two faces,” thus causing a different etching rate. However,
others® claimed no oxide is produced during the etching
reaction, and the difference was attributed to the orienta-
tion of dangling bonds, which profoundly affects the acti-
vation energy for the etching reaction. Recently, in situ
scanning tunneling microscopy (STM) was applied to study
etching of Si(111) in NaOH solution, and a potential de-
pendent etching mechanism and an etching rate were pro-
posed. '

* Electrochemical Society Life Member.

e i et trore ey, SSerer. . el

niques. These results support the e)lftplanation that the photoluminescence from

ace (e.g., a siloxene-type material).

Mechanistic studies of porous Si formation have been
conducted on the photoassisted dissolution of n-type Si'!
and p-type Si'? in F -containing solutions. For the former
case, the dopants (e.g., P) form positively charged centers,
like P®, and are proposed to create microelectric fields in
the depletion layer, which effectively trap the HF and holes
at these local sites.'® Si at these local reaction sites with
higher field strengths consumes four holes, and this leads
to a higher etching rate. For the latter case, dissolution of
Si proceeds through the tunneling and thermionic emission
mechanisms for heavily and lightly doped Si, respectively."
The doping density has a pronounced effect on the struc-
ture of the porous Si layer, as revealed by scanning electron
microscope (SEM) results."

We report here a high resolution in situ STM study of the
surface morphology of a p-type Si(100) electrode before
and after anodization in 1% HF. Anodic dissolution of p-Si
in dilute HF was found to be anisotropic, and the STM
revealed distinct surface features, such as a V-shaped
trench. Two possible etching mechanisms of Si under our
experimental conditions, which involved the simultaneous
dissolution of Si at different rates, are proposed. These two
reaction mechanisms dissolve Si at different locations to
result in distinct Si surface morphology. Our STM data are
consistent with the hole-tunneling model, which predicts a
faster etching rate at the tips of pores than on a planar
surface."'* Atomic features were discerned by STM on the
smooth (111) side walls that confined the 70° V-groove. Al-
though anisotropic etching can be implemented by other
means, such as laser-induced reactive ion etching,' elec-
trochemical etching of Si has the advantage of low cost,
while producing better defined trench structures,' when
compared to the bottle-shaped trenches formed by reactive
ion etching.'” We also tried to image lightly doped Si, but
failed in this case to obtain a stable STM image, mainly
because electron tunneling was inhibited due to the forma-
tion of a sufficiently wide depletion layer at the Si surface.

Porous Si prepared by anodic dissolution or chemical
etching in a F -containing solution has been of much inter-
est recently, because of its intriguing visible photolumines-
cence and potential applications (e.g., in electrolumines-
cent devices).” While there have been numerous publica-
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accomplished by referencing the aliphatie Cls binding
energy to 284.8 eV." The binding encrgy was measured at
the centroid of each individual peak and was then charge
corrected. The powder samples of siloxene and anodized
porous Si (scraped from the electrode surface) were pre-
pared by depositing a slurry onto an In foil and evaporating
the solvent. The HF dipping experiment was done by soak-
ing a porous 5i sample in 50% HF for 30 5 in a nitrogen-
filled box. The sample was then transferred to the UHY
chamber after a thorough rinse with distilled water. Etched
and unetched Si wafers were used directly without further
processing. The resolution of the spectrometer was deter-
mined from a sputlered gold standard and was 1.45 eV
FWHM at 50 eV pass energy.

Laser ionization microprobe mass spectrometry.—The
LIMA-4A (Cambridge Mass Spectrometry Ltd., Cam-
hbridge) is capable of performing microanalysis in the trans
mission mode for thin samples or by using a reflection ge-
ometry for thick specimens. The instrument employs a
time-of-flight (TOF) mass spectrometer, which allows de-
tection of hoth positive and negative ions. The laser source,
a Nd:YAG solid-state laser in an oscillator-amplifier com-
bination, gives 1064 nm laser light, which can be quadru-
pled to the UV wavelength of 266 nm. This instrumenl pro-
vides the advantage of high lateral resolution of the
sampled surface onto which a laser spot as small as 2 um
can be focused. The maximum laser powder can reach
10" W em %) In the present experiments, the power density
was kept low (10° W em °) and the sample depth was re-
stricted to a surface region of 4 to 100 nm deep.

Results and Discussion
In situ imaging during anodization of p-Si(100) in 1%
HF.—The cyclic voltammetry of Si was consistent with the
reported results for p-Si(100) electrodes in dilute HE" A
dilute (1%5) HF solution was used only in the STM experi-
ments to avoid attack of the STM head components. A bias
voltage of 430 MVP (Eg, = —0.73 V vs. NHE; E,, = —0.30 V

vs. NHE) and a 2 nA feedback current were used to imple-
menl STM imaging in the constant height mode (Fig. 1).
Stable STM imaging commenced immediately after the tip
started scanning; however, some artifactual horizontal
scan lines appeared initially. These are probably due to an
initial 1.5 nm thick native dielectric Si0, layer on the 5i,
which is removed by exposure to the HF, leaving a Si sur.

Fig. 1. In situ 5TM constant current imoge oblained ot Ex =
073V E. = -0.30V, and Lp= 2 nA. The imgewmcdhﬂa-d 0 s
after the HF solufion was added to the cell so that most of the native
swrioce oxide wos probobly olready soturated with hydr
gzlulnm;_ The elongated protruding stripes are attributed to polished
moges.

Fig. 2. STM topographic imoge of o $i(100) electrode alter an-
odi:nim.ﬂuimgcwm collected ot E;; = ~0.73V, E,, = -0.33 V¥,

and L, = 2 nA. 50 nm long frenches cut through each terrace, leading
to the formation of equel sized peninsulas running along the (110)
direction. The step height was roughly 4.5 nm, as measured by the
S5TM.

face terminated with hydrogen. Furthermore, as the p-Si
electrode was under cathodic bias, electrons tunneled from
the valence band of the p-5i into unoccupied states of the
W tip. Tunneling out of p-5i was smaller, and resolution
was lost when the Si potential was swept paositive to
-0.20 V (while maintaining a constant tip-substrate bias).
At this potential, Si dissolution via a Si(IT) valence state is
expected.! The loss of resolution may also be by oxidation
of the Si surface to produce a poorly conductive hydroxide
or oxide film. When the Si potential was swept back to
—0.73 V. the anodic oxide was removed by HF and the STM
imaging sharpened again. The STM clearly revealed a
local-layered-type surface morphology (Fig. 2) on the orig

inally flat Si (100) electrode. The step height between two
layers was ca. 1.6 nm, which corresponds to a depth of four
layers. Parallel trenches appear in the (110} direction, cut
into each terrace. These features suggest a layer-by-layer
etching mechanism for the (100) face, in contrast to the step
flow mechanism for the (111) surface.®® Higher resolution
STM scans of the trenches revealed a local V-groove feature
defined by two 5 nm high pyramidal-shaped hills (Fig. 3)
For better viewing, the image is rotated 80° clockwise with
respect to the direction in Fig. 2. Many smaller pyramidal
protrusions (approximately 5 nm wide and 2 nm high) are
noticeable at the top and the bottom of the hills. The two
side walls appear very clean, but some debrs was secn at
the bottom of the groove, The V-groove feature can be ex-
plained by the “self-stopping” nature of anisotropic etch

ing on Si(100). As the etching fronts cut into the wafer
along two {110} directions, they stopped at the point when
the surface area of the (100) plane at the bottom of the
groove was reduced to zero, However, our STM results seem
to indicate that preferential dissolution of Si look place at
the foot, rather than the top, of the hill where two (110}
rows of Si atoms intersected (see Fig. 4). This can be ex

plained by the higher hole tunneling efficiency and higher
current flow at the tip of the pores. As the reaction contin-
ued, the etchant, presumably HF in this case, attacked Si
upward and led to discontinuous strings of 51 atoms, seen
in the middle of the atomic image (Fig. 5). Belore an entire
row of 31 atoms was removed, HF molecules already started
to attack the next row of 51 atoms and resulted in atomi

cally flat (111) microfacets and a layered-type structure
he STM image indicates that the trench is 27 nm wide and

ca. 3 nm deep The theoretical depth of the trench, ca

19 nm., was not faithfully revealed, because the blunt shap
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spective peak areas and VG elemental sensitivity factors.
Correction of x-ray induced charging of each sample was
accomplished by referencing the aliphatic Cls binding
energy to 284.6 eV.*" The binding energy was measured at
the centroid of each individual peak and was then charge
corrected. The powder samples of siloxene and anodized
porous Si (scraped from the electrode surface) were pre-
pared by depositing a slurry onto an In foil and evaporating
the solvent. The HF dipping experiment was done by soak-
ing a porous Si sample in 50% HF for 30 s in a nitrogen-
filled box. The sample was then transferred to the UHV
chamber after a thorough rinse with distilled water. Etched
and unetched Si wafers were used directly without further
processing. The resolution of the spectrometer was deter-
mined from a sputtered gold standard and was 1.45 eV
FWHM at 50 eV pass energy.

Laser ionization microprobe mass spectrometry.—The
LIMA-4A (Cambridge Mass Spectrometry Ltd., Cam-
bridge) is capable of performing microanalysis in the trans-
mission mode for thin samples or by using a reflection ge-
ometry for thick specimens. The instrument employs a
time-of-flight (TOF) mass spectrometer, which allows de-
tection of both positive and negative ions. The laser source,
a Nd:YAG solid-state laser in an oscillator-amplifier com-
bination, gives 1064 nm laser light, which can be quadru-
pled to the UV wavelength of 266 nm. This instrument pro-
vides the advantage of high lateral resolution of the
sampled surface onto which a laser spot as small as 2 pm
can be focused. The maximum laser powder can reach
10" W em™?). In the present experiments, the power density
was kept low (10° W cm™) and the sample depth was re-
stricted to a surface region of 4 to 100 nm deep.

Results and Discussion

In situ imaging during anodization of p-Si(100) in 1%
HF—The cyclic voltammetry of Si was consistent with the
reported results for p-Si(100) electrodes in dilute HE" A
dilute (1%) HF solution was used only in the STM experi-
ments to avoid attack of the STM head components. A bias
voltage of 430 MVP (Eg; = —0.73 Vvs. NHE; E,;, = —0.30 V
vs. NHE) and a 2 nA feedback current were used to imple-
ment STM imaging in the constant height mode (Fig. 1).
Stable STM imaging commenced immediately after the tip
started scanning; however, some artifactual horizontal
scan lines appeared initially. These are probably due to an
initial 1.5 nm thick native dielectric SiO, layer on the Si,
which is removed by exposure to the HF, leaving a Si sur-

Fig. 1. In situ STM constant current image obtained at E; =

0.73V, E;, = —0.30 V, and I, = 2 nA. The image was collected 30 s
after the HF solution was added to the cell so that most of the native
surface oxide was probably already saturated with hydrogen
adatoms. The elongated protruding stripes are attributed to polished
damages.

Fig. 2. STM topographic image of a Si(100) electrode after an-
odization. The image was collected at E; = —0.73 V, E;, = -0.33 V,
and I, =2 nA. 50 nm lon? trenches cut through each terrace, leading

to the formation of equal sized peninsulas running along the (110)
direction. The step height was roughly 4.5 nm, as measured by the
STM.

face terminated with hydrogen. Furthermore, as the p-Si
electrode was under cathodic bias, electrons tunneled from
the valence band of the p-Si into unoccupied states of the
W tip. Tunneling out of p-Si was smaller, and resolution
was lost when the Si potential was swept positive to
—0.20 V (while maintaining a constant tip-substrate bias).
At this potential, Si dissolution via a Si(II) valence state is
expected.' The loss of resolution may also be by oxidation
of the Si surface to produce a poorly conductive hydroxide
or oxide film. When the Si potential was swept back to
—0.73 V, the anodic oxide was removed by HF and the STM
imaging sharpened again. The STM clearly revealed a
local-layered-type surface morphology (Fig. 2) on the orig-
inally flat Si (100) electrode. The step height between two
layers was ca. 1.6 nm, which corresponds to a depth of four
layers. Parallel trenches appear in the (110) direction, cut
into each terrace. These features suggest a layer-by-layer
etching mechanism for the (100) face, in contrast to the step
flow mechanism for the (111) surface.” Higher resolution
STM scans of the trenches revealed a local V-groove feature
defined by two 5 nm high pyramidal-shaped hills (Fig. 3).
For better viewing, the image is rotated 90° clockwise with
respect to the direction in Fig. 2. Many smaller pyramidal
protrusions (approximately 5 nm wide and 2 nm high) are
noticeable at the top and the bottom of the hills. The two
side walls appear very clean, but some debris was seen at
the bottom of the groove. The V-groove feature can be ex-
plained by the “self-stopping” nature of anisotropic etch-
ing on Si(100). As the etching fronts cut into the wafer
along two (110) directions, they stopped at the point when
the surface area of the (100) plane at the bottom of the
groove was reduced to zero. However, our STM results seem
to indicate that preferential dissolution of Si took place at
the foot, rather than the top, of the hill where two (110)
rows of Si atoms intersected (see Fig. 4). This can be ex-
plained by the higher hole tunneling efficiency and higher
current flow at the tip of the pores. As the reaction contin-
ued, the etchant, presumably HF in this case, attacked Si
upward and led to discontinuous strings of Si atoms, seen
in the middle of the atomic image (Fig. 5). Before an entire
row of Si atoms was removed, HF molecules already started
to attack the next row of Si atoms and resulted in atomi-
cally flat (111) microfacets and a layered-type structure
The STM image indicates that the trench is 27 nm wide and
ca. 5 nm deep. The theoretical depth of the trench, ca
19 nm, was not faithfully revealed, because the blunt shape


















