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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 um? 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 spectroscopy (XPS), transmission Fourier transform infrared spectroscopy (FTIR), and laser
ionization microanalysis (LIMA) techniques. These results support the explanation that the photoluminescence from
porous Si can be caused by a chemically modified (Si/H/O) layer on the surface (e.g., a siloxene-type material).

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 pm 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(IT) 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.

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
Siproceeds 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 Silayer, 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 distinet 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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tions on photoluminescence of porous Si, the actual nature
of porous Si and the mechanism of the photoluminescence
is an unsettled issue. The original proposal was that the
emission results from a quantum-size effect, i.e., that
porous Si consists of freestanding nanometer-sized wires.
However, other models have been proposed for the porous
Si layer, including the polysilane model,*® which attributes
photoluminescence to a dihydride species, and the models
based upon silicon-hydrogen-oxygen compounds, e.g.,
siloxene (SizOsH,). ' The similarity in behavior of porous Si
and siloxene has been indicated by the spectroscopic (IR
and Raman) studies,’® chemiluminescence results,'®™ and
theoretical calculations.” On the other hand, there is also
evidence that small Si structures, e.g., vapor-phase grown
particles® Iuminesce in the visible region. Our present
study found that anodization of p-Si in a dilute (1%) HF
solution produced a light-emitting coating on the Si sur-
face, which did not show any micron~long quantum pillars,
as probed by in situ STM imaging. Extensive etching of Si
produced a much thicker stained film that was too resistive
to image with STM; Unagami® reported a high resistivity
(10* to 10° Q-cm) for the porous Si layer. However, AFM
could be used and revealed a loosely bound surface layer
which was removed by the AFM tip at higher compressive
force. We found no direct relation between photolumines-
cence intensity and surface roughness; surfaces with less
than 3 nm corrugation still luminesced as well as much
rougher surfaces. We also used x-ray photoelectron spec-
troscopy (XPS) and laser ionization microanalysis (LIMA)
techniques to investigate the chemical nature of a porous Si
film formed by anodic etching in 1:1 HF:EtOH and to com-
pare it to siloxene. We found that these two materials
showed very similar XPS and LIMA responses. Details of
these experiments are described below.

Experimental

In situ STM imaging of Si—p-Type Si(100) wafers
(Texas Instruments, Inc., Dallas, TX) were boron-doped (1
to 10 Q-cm resistivity). They were rinsed with Millipore
water (>18 MQ}) and ethanol before being mounted into the
in situ STM cell. The orientation was checked by Laue (x-
ray) back diffraction, and the wafers were used without
further polishing. The misorientation of the Si wafer sur-
face is expected to be =1° the typical variation for com-
mercially available Si wafers. Two Pt wires were used in
the STM electrochemical cell as counterelectrode and
quasi-reference electrode. All the potentials were referred
to the normal hydrogen electrode (NHE) by comparing our
cyclic voltammograms to the previously reported data.’
The electrochemical cell contained 0.5 ml 1% HF solution.
The Si electrode was oriented with its (110) axis parallel to
the STM x-scan direction. An ohmic contact between the Si
wafer and the STM base was made through a Galn eutectic
alloy. The 1% HF solution (pH 3.8) was prepared from a
48% HF solution (Baker Chemicals, Inc., Cleveland, OH)
and Millipore water. The open-circuit potential of the p-Si
(100) electrode was about ~0.40 V vs. NHE, and the elapsed
time was about 30 s between adding the HF solution into
the cell and the commencement of STM imaging.

The STM was a Nanoscope II (Digital Instruments, Inc.,,
Santa Barbara, CA). The tips for in situ STM imaging were
electrochemically etched tungsten wires insulated with
nail polish (Wet 'n’ Wild, Pavion, Ltd.). Eighty percent of
these W tips gave atomic resolution in situ. The exposed
ends of the tips were estimated to be of the order of several
hundred angstroms, but presumably the most extended
protrusion acted as the tunneling probe and yielded the
STM image. Because the tip electrode could affect the
local surface chemistry under the tip, the bias voltage (be-
tween the tip and Si electrode) was maintained constant as
the potential of the Siwas swept vs. the reference electrode.
A low bias voltage (150 mV with Si negative) and high
feedback current (5 to 10 nA) were used to yield atomic
resolution. The surprisingly low bias voltage that al-
lowed imaging of the Si could be due to the anomalously
lower tunneling barrier for in situ STM experiments, as

proposed by Sass et al.” All the STM measurements were
performed in the dark. After in situ STM experiments were
completed, a mineral lamp (emission peak at 375 nm)
held above the etched Si wafer revealed orange
photoluminescence.

Preparation of porous Si and siloxene for XPS and
LIMA.— Anodic etching of the Si wafers was performed in
concentrated HF (1:1 HF:ethanol) at a constant current
density of 5 mA em™. The current was controlled by a
Princeton Applied Research (PAR) 173 potentiostat. A
Teflon electrochemical cell and a Pt flag cathode were used
in the etching experiments. Gas bubbles, presumably H,,
were produced on the Si surface during etching. Two Si
samples, etched for 5 and 30 min, were prepared for AFM
imaging. These Si wafers, after removal from the electro-
chemical cell, were also checked with a mineral lamp for
photoluminescence. Porous Si chemically etched with a
mixed solution of HF:-HNO,:CH,COOH:EtOH (1:2:1:4) gave
photoluminescence immediately after the Si wafer was re-
moved from the cell. Brown NO, fumes were produced dur-
ing the etching. The siloxene was prepared from CaSi,.*
Briefly, 5 g black CaSi, crystals (Johnson-Matthey, Ward
Hill, MA) were suspended in 50 ml of stirred concentrated
HCI (Fisher Chemical Co., Fair Lawn, NJ). The CaSi, re-
acted violently with the release of HCl fumes and foaming.
More HCI and H,O were then added and the temperature
was brought to near the boiling point for 30 min. The yel-
low to green precipitate was filtered, washed with water,
and dried with ether. The initially produced siloxene pow-
der showed green to yellow photoluminescence under UV
irradiation. This changed to orange after the powder was
annealed at 350°C in vacuum. Freshly prepared siloxene
powder reacted energetically with HNO; and other oxi-
dants.’® When stored in air, the siloxene powder would
slowly lose this reactivity (presumably through air oxida-~
tion), but photoluminescence always persisted, unless the
powder was heated in air. All the samples for XPS and mass
spectroscopic analysis were freshly prepared and stored in
air-tight glass containers in the dark before use.

AFM imaging of porous Si.—The atomic force micro-
scope (AFM) was also a Nanoscope II, which operated by an
optical deflection detection system. The tips and the
cantilevers (force constant 0.1 to 0.5 N cm™) were micro-
fabricated silicon nitride. Atomic resolution has been
found for AFM imaging of atomically flat samples like
freshly cleaved highly oriented pyrolytic graphite, mica,
and metal oxide thin films.” However, the resolution of the
AFM for rough samples depends on the morphology and
size of the tip and the samples themselves. Several AFM
tips were used to assure reproducible AFM images. Gener-
ally, images obtained with sharp tips would show very
well-defined step edges, while multiple tips produced im-
ages showing surface features such as identical and paral-
lel multiple steps. The piezo scanners were calibrated with
an Au grating and less than 5% error was possible under
low thermal drift. All the images were collected in the con-
stant deflection mode, i.e., the feedback loop was adjusted
so that the piezo scanner maintained a constant vertical
force (~107% N) between the tip and the Si sample.

X-ray photoelectron spectroscopy—XPS analysis
was performed with a VG ESCALAB Mark I spectrometer
(Mg Ko source, 330 W, 50 eV pass energy). Detection of
photoelectrons was accomplished with an electron multi-
plier and a hemispherical analyzer operated at a constant
pass energy of 50 eV. The photoelectron escape depth in the
XPS sampling volume was obtained from the mean free
path of the photoelectron and the density of the solid
through which they escape. Si,, photoelectrons in SiO,
have a mean free path of approximately 2.5 nm, corre-
sponding to the maximum escape depth for the Si/SiO,
system.” Consequently, the XPS results represented the
chemical composition at the uppermost 2.5 nm on the sam-
ples. The relative elemental atomic concentrations within
the XPS sampling volume were determined from their re-
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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 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%) 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; Ey=-030V
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 ot E; =

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

Fig. 2. STM topographic image of a 5i(100) electrode affer an-
odization. The image was collected at E; = —0.73 V, E;, = —0.33 V,
and k;, =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 efching 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
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Fig. 3. STM topographic image showing the V-groove feature re-
solved from the trenches. This feature is a signature of anisotropic
etching of Si{100). The image was collected at E; = —0.73 V, E;, =
—0.58 V, and [;, = 10 nA. The V-groove is 27 nm wide and 5 nm
deep, and the side walls, {111) planes, form a 70° angle, which is
equal to those of the pyramids. The image was rofated 90° clockwise
for a better view of this feature.

of the tip prevented it from dropping into the groove as it
scanned across the depressed area. Even higher resolution
STM scans allowed direct observation of atomic features
(Fig. 5) at the side walls indicated by the box drawn in
Fig. 3. The closest spacing between two rows of atoms,
0.40 nm, is close to the ideal value of 0.385 nm for the (1 X
1):H-phase of a Si(111) surface. The apparent shadows fol-
lowing each step-edge are due to the tip’s.tracking errors,
caused by the slow response of the feedback loop as the tip
scans from a high to a low area.

The different Si surface morphologies, revealed by the in
situ STM, imply several concurrent Si etching reactions,
such as those given in Eq. 1 and 2.

Si + 2HF + 2h* — SiF, + 20 [
Si + 2H,0 + 2h* — Si(OH), + 2H* 2]

In both cases Si dissolves through the capture of two
holes, followed by reaction with HF and H,O. Because the
concentration of H,O is two orders of magnitude higher
than that of HF in the present case, the second reaction
would tend to dominate. Ultimately, the etching rate is de-
termined by the supply of holes from the bulk."! However,
Si dissolution via a tetravalent state cannot be ruled out.
The fact that trench features on a Si(100) wafer can be
fabricated with an alkaline solution* suggests that the sec-

A1o <110
» 4
N 70.52°
\ ‘ /
\ y (111) facet
54.74° [\ 54.74°
—— — — -t - — — 100)
<110>

Si(100) substrate

Fig. 4. A diagram o illustrate the V-groove surface features found
in Fig. 3. The V-shape, which opens to 71°, is defined by the two
(117) facets.

Fig. 5. High resolution STM image obtained from the region
marked with a square box in Fig. 3. The image was obtained with
0.15 V bias voltage (E; = —0.73 V, E;, = —0.58 V} and 10 nA fip
current. The shadow following each ferrace is a tracking error.

ond pathway, which produces a Si(OH), intermediate, can
be responsible for the trench and pyramid features, while
the first reaction might preferentially occur at surface de-
fects like steps and kinks. Furthermore, in situ STM has
revealed somie regions on Si with no well-defined features.
Possibly, Si(II) infermediates disproportionate fo produce
Si(IV) and Si(0), as suggested by Memming et al.'** and
supported by in situ IR measurements.”® While the Si(IV)
species dissolve in the solution, the neutral Si will deposit
back on the surface, and these Si deposits could react with
HF, H,0, and other Si neutral species. This mechanism
might then produce the bluish thin film on the Si wafer
which glowed weakly in the orange region under a hand-
held UV lamp similar to that of the porous Si.

AFM imaging of porous Si.—Although the AFM investi-
gation of the nanostructures of porous Si has already been
reported elsewhere,* we carried out additional studies to
illustrate the presence of a loosely bound surface porous Si
layer on top of the columnlike porous Si. Figure 6 shows a
15 um? AFM image (in air) of the surface of a porous Si
sample prepared by electrochemically etching Si in a con-
centrated HF solution for 5 min. The surface shows some

Fig. 6. AFM image of an ancdized $i{100) sample. The Si wafer
was prepared by constant current {5 mA cm ™ efching for 5 min in
1:1 HF:EtOH solufion.
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Fig. 7. AFM image of an anodized Si{100) wafer. The etching
conditions were the same as for the sample in Fig. 6 except the
efching time was 30 min. A 2 um X 2 pm square depression was
fabricated by increasing the imaging force.

randomly distributed pits as well as an area of 100 nm?
where the roughness is less than 3 nm. This sample pro-
duced orange photoluminescence, although the surface
was rather flat and no quantum structures were seen. The
lateral dimension of the pits varied between 0.1 pm and
1.5 pwm, which represent the convolution of the tip size and
sample morphology. Formation of pits suggests the pres-
ence of nucleation sites, e.g., surface defects or impurity
centers, where there are higher local dissolution rates of Si.
The existence of pits of different sizes indicates that nucle-~
ation occurs throughout the 5 min etching period, rather
than only initially. The AFM tip-sample interaction could
be used to modify the surface morphology.* For example, a
square depression could be formed on an etched Si surface
by scanning a 2 um by 2 pm region at a higher force (107 N)
for 5 min (Fig. 7). The Si sample in Fig. 7 was anodized for
a longer period (30 min), so that a much rougher surface
(compared to that in Fig. 6) was produced. This result sug-
gests the presence of a loosely attached amorphous Si film
at the near-surface region, as reported by others.® On the
other hand, Cullis and Canham?®® and Cole et al.* have re-
ported nanometer-scale crystallites in the surface coating.
These differences may be due to differences in the way the
Si samples were prepared.®® The smallest surface features
(20 nm®) in Fig. 7 are still much larger than those expected
for quantum confinement (<5 nm?). It would be interesting
toraster a high-resolution laser across the depressed region
to measure the photoluminescence spectrum of this me-
chanically modified surface.

Both the anodized and chemically etched porous Si re-
acted rapidly with an aqueous alkaline (1M KOH) solution
to generate hydrogen. After this reaction, the porous Si
surface had turned whitish and the luminescence from the
porous Si disappeared. An AFM scan of the KOH-etched Si
wafer is shown in Fig. 8. Pores with a wide range of sizes,
from 0.1 to 1 pm, and with apparent depths of 0.06 to
0.18 pm are observed. The roughness of this surface is ap-
parently higher than that in Fig. 6, and yet, the latter emit-
ted light, while the KOH-etched Si did not. Surface
roughness and the pore structures thus do not appear to be
the key factors in the production of photoluminescence
from anodized Si. As shown below, Si/H/O chemical
species formed on anodization are likely contributors to
photoluminescence.

X-ray photoelectron spectroscopy.—Figure 9 shows the
XPS results of the Si,, binding energy of several Si speci-
mens: (a) a native oxide on Si(100); (b) HF-dipped Si pre-
pared by chemical etching; (c) chemically etched Si; (d)

Fig. 8. AFM image of KOH-ireated porous Si. The image was
obtained on the same Si wafer as that in Fig. 7. The pore structure is
clearly resolved by the AFM.

porous Si powder; and (e) siloxene prepared from CaSi,.
Spectrum a exhibits a prominant peak at 99.0 eV and a
weak feature at 103.0 eV, which are associated with low
valence (Si-Si) and high valence (SiO,) Si species, respec-
tively®® Spectra b and ¢ were obtained for chemically
etched Si; the sample used in b was treated with 49% HF
for 30 s in a nitrogen-saturated environment before trans-
fer into the UHV chamber and pumping to 107'° Torr. The
marked difference between these two samples is the dimin-
ished high valence Si signal in b, indicating that this HF-
dipping procedure effectively removed silicon oxide to a
level undetectable by XPS. This porous Si sample did not
luminescence following this brief HF treatment. Although
there was still roughly 4% oxide, as estimated from the O;q
spectrum (not shown), it is exclusively related to the carbon

—

r

&)

Siloxene

Anodized powdered

Porons Si

Chemically Etched

Arbitrary Intensity

Parous Si

Chemically Etched

Porous Si (b)

HF dipped

¢-8i(100)/nonlum.

94 96 98 100 102 104 106 108
Binding Energy (eV)

Fig. 9. XPS results for (a) the uneiched Si{100); (b} chemically
eiched Si after dipping in 49% HF for 30 s; (c) chemically etched Si;
{d) powder scraped from anodized Si, which was etched in HF:EtOH
(1:1 by volume) with 5 mA em~2 current density for 15 min; and (e}
siloxene powder prepared by the procedure given in Ref. 24. The
ul!')shiﬂs of the Si,, state for samples (d} and (e] are attributed to the
charging effect.
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contamination. In addition, the binding energy of Si,, at minescence from porous Si. However, the previous result
99.0 in b has shifted positive by 0.6 eV, due to an HF dipping was obtained with a very short (1 s} HF dip in an ambient
induced silicon dihydride species.* An HF dipping experi- (air) environment, so it is possible that some oxide still
ment reported previously®® was said not to quench photolu- remained on the Si wafer surface. No XPS data were re-
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ported in this experiment.®® In a previous study, we showed
that chemically etched Si and anodized Si exhibited differ-
ent chemical reactivities toward HNO,. Specifically, an-
odized Si reacted violently with HNO,; while the chemically
etched Si did not.'® Both Si specimens exhibited chemilu-
minescence upon contact with 4M HNO,;. A comparison of
the XPS results of the chemically etched Si sample (b) and
anodized porous Si in Fig. 5 of Ref. 30 shows a more intense
(33 vs. 23 atomic percent) oxide feature for the chemically
etched Si. This comparison implies that the anodized Si
could have a higher hydrogen content in the film and thus
a higher reducing strength. Silicon hydrides are known to
be highly reactive; they catch fire or explode in air.*® Our
FTIR data (not shown here) provides good evidence for a
reaction between HNO, and Si-H, because the 2108 cm™*
peak, which is associated with the Si-H stretch,” was di-
minished after the reaction.

The similarity between the properties of anodized Si and
siloxene, a two-dimensional corrugated material contain-
ing O and H with a hexagonal Siring structure, has already
been pointed out.” The XPS results further support this
similarity. As indicated by curves (d) and (e) in Fig. 9, the
XPS results for both powder samples (siloxene and porous
Si) show broad high valence Si states peaking at 103.4 eV,
with a small contribution from low valence Si states. The
high intensity of the low valence Si state for the siloxene
sample indicated more Si-Si linkages than in the anodized
Si powder. On the other hand, as indicated by a valence
band spectroscopic study of porous Si,”®™ the crystallinity
of porous Si in the film is not important in the photolu-
minescence. Amorphous porous Si photoluminesces; this
also seems to be valid for siloxene. The siloxene photolu-
minescence spectrum red shifted (from 550 to 680 nm) upon
annealing in vacuum while an order-disorder phase transi-
tion was noticed simultaneously.*®

Laser ionization microanalysis.—Figure 10 shows the
negative ion mass spectra obtained by LIMA for several
different Si specimens: (a) untreated; (b) chemically etched,
(c) anodized; and (d) siloxene. The peaks were identified by
comparison to similar previous studies of a variety of Si-
containing samples with the same apparatus. Most of the
peaks for the ions with m/e less than 60 can be attributed to
surface carbonaceous contamination, except for the peaks
at m/e 28, 56, and 84, which represent Si~, Si;, and Sij,
respectively. The intense peak at m/e 60 represents SiO;.
Elemental silicon clusters are observed for the clean Si
sample, but not for any of the etched Si ones. The major
features between m/e 160 and 200 all appear in spectra (b),
(c), and (d), suggesting a correspondence of the etched Si
and siloxene. The peaks at m/e 197 (Si;O,H), 181 (Si;O¢H),
165 (Si;O;H), 137 (Si;0;H), 121 (Si,0,H), 105 (Si,0;H), and
77 (SiO;H) all correspond to Si,0,, H 8i,0,,H, or
Si,0,,,.H species. The assignments of these peaks are sup-
ported by the ratios of the Si isotopes™ (Si*:Si®*:8i* =
92.23:4.67:3.10). All of these ions contain only one hydro-
gen atom, suggesting that these cluster ions arise from post
laser ion-molecule reactions (hydrogen attachment) or
fragmentation in the gas phase so that larger cluster ions
were not observed in the mass spectrum. In addition, some
cluster ions contain fluorine at m/e 63 (SiOF) and 79
(S10,F), indicating the presence of F on the surface of the
etched Si samples.

Conclusions

The work reported here bears on the mechanism and sur-
face structures formed upon anodization of Si and photolu-
minescence of etched Si. The in situ STM images reveal the
anisotropic nature of the etching during the anodization of
p-Si(100) in dilute HF, resulting in a V-shaped groove and
many micropyramids. This technique is useful in microfab-
rication of Si wafers through control of current density and
etching rate. The high-resolution STM images of a photolu-
minescent Si surface produced by etching did not show
structures that could be deseribed as quantum pillars. The
nature of the Si surface species responsible for emission
remains controversial. Broadly, at least three different

kinds of structures have been proposed: pure Si quantum-
features (pillars, dots), Si/H species, and Si/H/O (siloxene-
type) species. There appears to be evidence that Si quan-
tum-size structures®* (other than anodically etched Si)
show photoluminescence. An important factor in light
emission from Si-based structures is the need to eliminate
Sisurface dangling bonds which can act as charge trapping
and radiationless recombination centers and quench emis-
sion. For example, a hydrogenated amorphous Si film,*
despite its high concentration of hydrogen in the maftrix,
carries a rather high dangling bond density (10*° cm™) and
does not emit visible light at room temperature. However,
reacting the film with oxygen ties up the dangling bonds,
promoting an orange emission from the Si film at 298K. ¥
Recently, the effect of oxygen on the photoluminescence of
silicon materials has been described by Saunders et al.*
and Riickschloss et al.*® These two groups have indepen-
dently demonstrated that vacuum-prepared quantum dots
and hydrogenated amorphous Si do not emit light unless
they are intentionally dosed with oxygen. These results,
although obtained for silicon material prepared by a very
different process than anodization, contrast with earlier
reports of van Buuren et al.,* Vasquez et al.,*®™ and Zhang
et al.,*® who claim no oxygen is involved in photolumines-
cence from anodized silicon. A simple HF-dipping process
for a porous Si surface provides a direct test for the role of
oxygen. One finds that after the oxide is removed by HF,
luminescence is quenched or markedly modified. However,
orange luminescence recovers within minutes after the HF-
etched Si wafer is let stand in air. Thus oxygen, either for
surface-state capping or as a component of a surface com-
pound, appears important in the luminescence of etched Si.
Note that the presence of oxygen in a porous Si layer was
previously demonstrated by secondary ion mass spec-
troscopy.** Morever, XPS and LIMA results show a strong
correspondence between the etched Si specimens and
siloxene samples, suggesting that the photoluminescence
results from a surface layer on etched Si containing Si/O/H
species.
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