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Light Emitting Micropatterns of Porous Si Created at Surface Defects
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We report a principle that allows one to write visible light emitting silicon patterns of arbitrary shape
down to the submicrometer scale. We demonstrate that porous Si growth can electrochemically be
initiated preferentially at surface defects created innaiype Si substrate by Si focused ion beam
bombardment. For-type material in the dark, the electrochemical pore formation potential (Schottky
barrier breakdown voltage) is significantly lower at the implanted locations than for an unimplanted
surface. This difference in the threshold voltages is exploited to achieve the selectivity of the pore
formation process. [S0031-9007(98)05935-3]

PACS numbers: 78.55.Ap, 61.72.—y, 81.40.Tv, 82.45.+z

Silicon is currently the technologically most important profile calculation shows that the creation of vacancies
semiconductor material. However, applications in semi-occurs immediately below the surface, and peaks at
conductor photonics seemed unlikely due to its indirec270 nm below the surface. About 1500 unrecombined
electronic band gap [1]. Therefore, the discovery of elecvacancyl/interstitial pairs are formed for one incoming ion
trochemically formed visible light emitting porous Si [2— and a sputter yield of less than 0.2 is obtained. Hence
4] has, in the past few years, stimulated intense and stilthe calculations show that surface sputter effects can be
increasing research activity (see, e.g., Refs. [5-8]). Thaeglected, and that most defect creation occurs in a near
main reason for this tremendous interest is the prospect @lurface region of the Si substrate.
light emitting devices made of porous Si [1,9]. The implanted samples were then electrochemically

Prior approaches to producing porous Si patternsreated in 20% HF by stepping the voltage (potential)
mostly use photolithographic techniques [10]. An in-from —0.5 V to different anodic potentials with a rate
teresting alternative direct patterning process [11] useef 10 mV every 5 s. In contrast to conventional porous
light-induced carrier generation im-type material under Si formation on n-type material, the electrochemical
anodic electrochemical bias, which allows a selective poréreatment was always performed in the dark to avoid light-
formation in illuminated areas of a Si wafer. However,induced carrier generation in the semiconductor sample.
since direct writing approaches are generally sized limitedUnder these conditions (similar to the diode behavior of a
by the diffraction limit of the light source, we used high p/n junction under reverse bias), the ho(és ) necessary
energy ion implantation for pattern definition. for Si® oxidation and dissolution &SiFs)*>~ become only

In contrast to previous ion beam work [10,12-15], sufficiently available at the Si surface at potentials where
we used Si™ as the implanting species to avoid any Schottky barrier breakdown occurs [18,19].
doping effects of the implantation and at a sufficiently Figure 1 shows a typical current/voltage characteristic
high energy to minimize surface sputtering effects. Fronfor a reference (nonimplanted}type Si sample in 20%
an Au-Si liquid metal ion source, Si ions were selected HF. Starting from the open circuit potential, with an
at 200 keV using alE X B mass filter and implanted in increasing voltage (potential) the current increases up to
n-type Si (100) wafers (doped with X 105 cm™3 As)  a plateau region. In this region, the current is controlled
at room temperature using a 100 kV JEOL 104 UHV FIBby electrons that overcome the charge carrier depletion
system with a nominal beamwidth of 100 nm. By vectorregion (Schottky barrier) at the semiconductor/electrolyte
scanning the ion beam, different patterns (squares, linesmterface by thermal activation.
letters, dots) were implanted. Each pattern was implanted At a potential of approximately 3.8 V versus the satu-
with dosages of3 x 10'3, 10'4, 3 x 104, 105, 3 X  rated calomel electrode (SCE), the current steeply in-
1013, 10', and 3 X 10! ionscm 2. For doses greater creases. Inthisregion, local dissolution processes occur on
than 10" cm™2, the implanted features can be faintly the Si surface which, after extended polarization, lead to a
detected with a scanning electron microscope (SEM)porous surface. Hence this potential is called the pore for-
which can be attributed to amorphization of the substratenation potential (PFP). There are a variety of factors that
occurring at higher implantation doses [15] or to defect-influence the PFP such as the concentration of the anion in
induced surface bulging [16]. the electrolyte or the temperature. The predominant fac-

The number and distribution of defects created by theors are, however, the conduction type and doping concen-
implantation as well as of the sputter yield were estimatedration of the substrate [20], as expected from the Schottky
by calculations usingriM code [17]. The vacancy depth- approach. In addition, the defects created by the focused
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electrochemical polarization in 20% HF from0.5 V SCE to

3.5 V SCE. The dose of the implant3sx 10'* cm 2. TheR

in NRC was outlined with a single (100 nm) FIB line; the rest
N~ . of the letters were uniformly implanted. The letters show the

FlloGd)l'(NdCirger;E \{(())Iltsagrenég)oilgr%%%n)l_'Fcu(r;/g”dof”tr)]/ g)e a?lld green and red interference colors typical of porous Si.

the polarization curve acquired with & = 300 uwm capillary

electrode on a50 X 50 um square implanted with3 X ) ) . ) )

10" cm™2 Si** (dashed line). The curves were acquired inin width and wavelength position, is typical of the PL re-

the dark. The potentials are referred to the saturated calomajponse of porous Si. The band shape shows irregularities

electrode (SCE). that can be attributed to nanoscopic nonuniformities in the

material porosity. Electrochemically treated areas next
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ion beam (FIB) also have a drastic effect on the PFP. This
is clear from the second curve included in Fig. 1 which
shows a polarization curve acquired with a microelectrode
pipette(¢ = 300 um) that was placed on %0 X 50 um
implanted squar@ose= 3 X 10'* cm™2). Inthis case, a
first significant current increase appearst&25 V SCE.
Although the implanted area is only about 3% of the to-
tal area exposed to the electrolyte, the current density in
the plateau region is more than a decade higher than for
the reference sample. Hence, the effective current density
in the implanted region is about 300 times higher than on
the intact Si surface; i.e., it becomes comparable to cur-
rent densities observed with the reference sample above
the PFP. If the voltage scan with implanted samples is
stopped at 3.5 V, i.e., below the overall PFP, then a surface
morphology as shown in the micrographs of Figs. 2 and 3
is obtained. Figure 2 shows an optical micrograph for a
sample where letters were written with the FIB at a dose
of 3 X 10" cm 2. The letters show the typical porous Si
interference colors ranging from red to green. The letter
R was obtained with a single FIB scan which results in a
linewidth of approximately 300 nm. Figure 3(a) shows a
SEM micrograph of a square implanted with the same dose
(3 X 10" cm™2) and identically treated. From Fig. 3(b),

it is apparent that porous Si has been formed within the
square. The surrounding area is completely unattacked.

The photo_luminescence (PL) spectrum in _Fig. 4 WaSiZIG 3. (a) SEM image of 50 X 50 xm square implanted
measured with an argon laser beam focused in the centgky 3's 1014 cm-2 Sit+ after polarization in 20% HF from

of the 50 um square of Fig. 3. The PL spectrum peaks—o5 to 3.5V. (b) Higher magnification of (a) within the
at 655 nm in the orange-red region of the spectrum andsquare.

a)
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80 Samples implanted with doses greater thal cm~2 and
70, treated up to 3.5 V showed a selective etching of the entire
. implanted area rather than pore formation. For samples
g 60+ implanted with a dose of less than'* cm~? and treated
= 50 to 1V, pore formation was not uniform and only some
% 40. porous patches were formed within the implanted area.
|5 The highest PL intensity was observed from the sample
£ 30 implanted with a dose of x 104 cm~2 and polarized
-1 20 to 3.5V (Fig. 4). Other conditions led to significantly
& 10 lower PL intensities. PL intensity and morphology of
07 the samples correlate in that, for the highest PL sample,
500 600 700 800 900 the highest amount of porosity with feature sizes in the

Wavelength (nm) nanoscopic range was found, which is consistent with a

. gquantum confinement explanation for the red PL of porous
FIG. 4. Room temperature photoluminescence spectrum acs; [20].

quired in the center of the square shown in Fig. 3. The spec- |; : . : .
frum was excited using 15 mW of 457.9 nm argon laser light, It is noteworthy that, not only for lines and single line

dispersed with a Spex 14018 double spectrometer, and detectt@fters (as in Fig. 2) but also for circular shapes, the local
with a cooled RCA 31034A GaAs photomultiplier. dissolution process occurred at the implantation and did

not follow the crystal orientations of the bulk Si, i.e., no

branching out of the etch was observed along undamaged
to the implanted patterns were investigated as a refecrystalline Si planes, and that the etching stopped when
ence and, in every case, the unimplanted areas showéige underlying undamaged crystalline Si was reached.
the spectral behavior of a clean Si surface (no light emisThus, this indicates that the reaction activation energy
sion in the visible range) as did implanted areas not yeat defects is much lower than for crystal planes exposed
electrochemically treated. This clearly indicates that theluring the dissolution.
electrochemical formation of porous Si is responsible for In summary, we have shown how to produce laterally
the PL observed and not lattice defects or amorphizationonfined light emitting Si by a direct writing process.
created by the implantation. We clearly demonstrate that a creation of surface defects

It is thus clear that, at the FIB created defects, pordollowed by an electrochemical treatment, tailored to
growth can be triggered at voltages significantly lower tharirigger dissolution at defects, can be used to form visible
at the intact area. This can be attributed to Schottky bardight emitting porous Si selectively. At present, the size of
rier breakdown, which is facilitated at defects due to arthe structures appears to be limited only by the diameter
inhomogeneous field distribution at a defect site. In othepf the writing ion beam. Thus patterns in the 50 to
words, in the potential range between the PFP of the im200 nm range seem possible.
planted ared+0.25 V) and the PFP of the untreated area Recently, electroluminescent devices based on large
(+3.8 V), pores can be selectively formed at ion beamscale porous Si structures have been reported [9]. The
treated parts of the sample. This is in complete contragirocess described in this Letter could facilitate a drastic
with earlier ion implantation work, where the usual elec-shrinkage of such device dimensions and hence could be
trochemical treatment using constant current @aatype  a basis for (or part of) a process leading to extremely high
material, orm-type material under illumination, resulted in resolution optoelectronic applications.
porous Si formation only in unimplanted regions [10,15]. Additionally, the above findings show that surface
This discrepancy must be associated to the different eXattice defects represent centers of enhanced dissolution,
perimental conditions, i.e., the use @ftype material in and hence represent the initiation site for pore formation,
the dark in the present work which makes Schottky barriewhen conditions are established where Schottky barrier
breakdown the determining criterion fai* availability at  breakdown is the rate-determining step for the surface
the sample surface and thus for dissolution. dissolution reaction.
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