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Electrocham istry and Structures of Silicon Surface
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Abstract: Accurate control and fabrication of silicon surface structures from atomic scale o micrometer scale,
which may be randamly asociated with surface roughness or have well defined patterns, is critical for the per-
fomance and reliability of electronic devices Electrochanical reactions of silicon in ®lutions involved in wet
cleaning and etching of siliconwafer play an important role in deteimining the structuresof silicon surface A tre-
mendous anount of researches have been done in the last several decades o understand and control a range of
complex electrochemical reactions at silicon/ olution interface and their relations © the resulted aurface struc-
tures The findings generated fran these research efforts have been compiled and integrated in a recently pub-
lished book Thispaper is  present an overvien, using synthesized information fran thisbook, on the agpect of
silicon disolution and the resulted surface structures
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1 Diver sity of Electrode Phenam ena sty, charge distribution and trander, surface reac-

The functionality of most modern electronic de- tions, evolution of surface geometry, etc  are deter-

vices and micro electramechanical systens(MEM S) mined by numerous variables as illustrated in Fig

(3] : . . .
are realized by themicro structureson silicon surface 1. Each of these variables isa continuum of awide

Electrochemical reactions of silicon are canmonly in- dmensional range and its effecton the electiode prop-

wlved in wet cleaning and etching of silicon wafer for erties involves tme and micro surface geametry

control and manufacturing structures on silicon sur- Thus, he possible conditions detemined by the com-

facd™ The oh ena that can be generated by binations of these variables are Imitless, regponsible

the electrochemical reactionson single crystalline sili- for the diversa phenamena and complex details obr

con electrodes are diverse, including oxide fomation srved on slicon electrodes  These possibilities alo
fom the basis for the cleaning and etching processes
that are widely utilized in the fabrication of electronic

devices Reactions and surface structures are mutual-

and passivation, current oillation, anitropic etch-
ing, fomation of porous silicon etc Each of these

phenamena has extramely rich details with complex

relationship s betveen structures and properties of sili- ly related: reactions generally result in foming and

con electrodes and between properties and experimen- changing of aurface structureswhile surface structures

detemine the nature and distribution reactions

tal conditions
The physical and chenical nature of the silicon/ 2 D isolution Reactions
electrolyte interface, in temsof carrier type and den- In the absence of redox couplesother than those
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Fig 1 The major variables that affect the electrochemical

properties of silicon electrode

asociated with water and silicon, the electrochemical
reactionson silicon in aqueous lutions are domina-
ted by either silicon disolution, or oxide fomation
and disolution, or hydrogen ewolution depending on
the potential range and lution composition

The disolution of silicon can be best character-
ized by i V curves Neglecting the details asciated
with silicon substrate such as doping, the current-po-
tential relationship of silicon in agueous olutions can
be considered to be principally detemined by the pH
and HF concentration as illustrated in Fig 2**'. In
non-alkaline and non-fluoride agueous lutions, sili-
con as an electrode is esentially inert showing a very
gnall current at anodic potential due to the presence

log i

YFig 2 The typical i V cures for silicon disolved in HF(3) ,
alkaline (2) and non-fluoride, non-alkaline lutions

(1)

of a thin oxide film (curve 1). In alkaline lutions
silicon is alo passivated by an oxide film at anodic
potentials but is active below the passivation potential
Ve (curve 2 ). In fluoride lutions silicon electrode
is active in the entire anodic region, indicated by the
large anodic current(curve 3).

In non-HF aqueous Dlutions, the silicon surface
is generally covered by an oxide fim and in HF lu-
tions the silicon aurface tends o be teminated by hy-
drogen (in the fom of hydrides). The fomation of a
aurface hydride layer or oxide layer is regonsible for
the stability of silicon at open circuit potential (OCP)
in agueous lutions In HF lution, the wurface is
fully covered by an oxide fim at anodic potentials
higher than the passivation potential, while it is fully
covered by hydrogen at potentialsmore negative of the
open circuit potential From the open circuit potential
o the passivation potential, the surface coverage of
hydrogen gradually decreases as the coverage of oxide
increases A I, while at potentials near the open cir-
cuit potential and below the passivation potential, the
hydride or oxide layer ison the order of amonolayer,
the hydride layer at the cathodic potentials and the
oxide layer at potentials higher than the passivation
potential is relatively thick The difference in the ki-
netics for fomation of a hydride layer and an oxide
layer and in the stability of these wo layers plays a
critical role in the diverse phenamena observed on sil-
icon electrodes

The i V curvesin HF Dlutions are different for
p-Si and n-Si in the dark due o the difference in the
concentrations of holes on the aurface, of these wo
materials L arge currents can be obtained on p-Si by
anodic polarization to increase the concentration of
holes at the surface On the other hand, for non-de-
generated n-Si the anode current is Ilimited by the
availability of holes The i
canes identical o that of p-Si when n-Si is illuminat-
ed at a high light intensity.

Fig 3 shaws that the current increases exponen-
tially with increasing potential from OCP®'. It breaks
off fram the exponential behaviour at larger ovempoten-
tials, exhibitsapeak, J;, and then attains a relative-

V curves for n-Si be-



ly constant value at J,. Examination of the surface
anodized at different potentials, indicates that fomar
tion of porous silicon occurs in the exponential region
but not at potentials more positive than the peak po-
tential The potential correponding o the maximum
slope of the i
fomation of unifom porous silicon layer At poten-
tials betveen the maximum dlope and the current
peak, porous layer may till fom but its surface cov-
erage is not unifom. Visble hydrogen ewolution oc-
curs in HF lutions at anodic potentials in the expo-
nential region anodic of OCP.  The rate of hydrogen
ewlution substantially decreases as potential goproa
ches the current peak, J,. Hydrogen ewolution ceases
above the current peak
12
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Fig 3 Current-potential curve of thep™ silicon sample in
1% HF slution with potential sveep rate of 2
mvV /s

In agueous ®lutions at OCP in the absence of
redox couples, hydrogen ewolution is the only reduc-
tion reaction accompanying the disolution of sili-
con'"®". Hydrogen ewolution on silicon may proceed
chamically or electrochemically degpending on the con-
ditions In HF near OCP and at anodic potentials it
proceeds campletely chemically, i e without invol-
ving the carriersfrom the electrode The chemical na-
ture of hydrogen ewolution is regponsible for less than
4 of the silicon effective disolution valence in HF ©-
lutions Hydrogen ewlution at cathodic potentials is
predaninantly electrochemical due o the lack of sili-
con disolution and abundance of electronson the sur-

face of n-Si or illuminated p-Si

In KOH at OCP and at anodic potentials lowver
than Vp, there is no participation of charge carriers
and the reactions, hydrogen ewolution and dislution
of slicon, are amost 100% cheamical such that the
etching of silicon is characterized with the dislution
of one silicon atom and the evolution of wo hydrogen
molecules At potentials higher than Vp, the surface
ispassivated and both silicon disslution and hydro-
gen ewlution ceag®’. At cathodic potentials, hydro-
gen ewolution on p-Si isal®o chanical due o the lack
of electrons However, for n-Si at cathodic potentials
hydrogen ewlution is mainly electrochemical due
the abundance of electrons fran the samiconductor

Many proceses in different phases in the sili-
con/electrolyte interface region are inwolved during
electrochemical reaction, Each of the possible proces
*s, as <hamatically illustrated in Fig 4, in the
multi-layer silicon/electolyte interface region can be
the rate Imiting process under certain conditions, as
has been summarized in reference [ 3]. For example,
the anodic reaction proceses on n-Si in the dark is
Iimited by the minority hole trangort in the bulk of
silioon, that is . For p-Si and illuninated n-Si in
HF slutions at potentials negative or positive of the
current peak, J,, the reaction rate is detemined by
the charge trander process across the electrode/ elec-
tolyte interface, that is, r, and . Atpotentialsposi-
tiveof J;, i e the electro polishing region, the rate
detemining step in the anodic reaction is the disolu-
tion of the anodic oxide film, that isr, The disolu-
tion of the oxidesfomed at lowv fluoride concentrations
ismainly kinetically controlled, that is r,, while for
high fluoride concentrations the process ismainly dif-
fusion controlled, nr,. There is a critical concentra-
tion, dependingon pH, mtation rate and potential, at
which the contributions by kinetic and diffusion
processes are equal®’.

In KOH olutions the rate Iimiting process at
OCP isof chanical nature, i e only  is inwlved
The electrochemical processes, that isr, and , are
increasingly inwlved as potential is increased from
OCP b V,. Atpotential large than Vy, the anodic re-
action is Imited by the disolution rate of the oxide,
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ho, Which, unlike in fluoride ®lutions, iscompletely
a rface controlled processes in KOH lutions
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Fig 4 Schematic illustration of the processes inwlving the
trangort of charge and ecies in the different pha-
s in the Si/electrolyte interface region
) & 1) majority&minority carrier transport, r)
trangport of holes o the surface, r,) charge trander
across the Helmhotz layer, 1) electron in jection,
I;) chemical disolution, r ) oxide fomation, 1)
ionic trangport in oxide, ) injection of oxidants,
I, ) disolution of oxide, r;)mass trangort in elec-

trolyte

3 Rate of Silicon D issolution

The wo principle etching olution systeamsfor sil-
icon are HF olutions and alkaline lutions®. This
is because silicon is inert in aqueous lutions due o
the fomation an in®oluble surface oxide, except for
HF slutions or alkaline lutions in which the oxide
is ©luble V arious chamical agents can be added into
these tvo lutions o control etch rate, etch selectivi-
ty, ®lution stability, and quality of the etched ur-
face Onemajor difference betveen these two systans
is that the etch rate of silicon in HF lutions is smi-
lar anong the various crystalline orientations, i e
iotropic, while in alkaline lutions it strongly de-
pendson the crystalline orientation, that is anitrop-
ic Another difference is that silicon oxide, which
may be present on silicon aurface prior or during an
etching process, etches fast in HF lutionswhile it
etches very dlowly in alkaline lutions relative to the
etch rate of silicon

Several general points may be made regarding
i) silicon can etch at a wide
range of rates, asmuch as9 orders of magnitude; ii)

etch rate of silicon:

the highest etch rates are observed in HF lutions
iii) the etch ratesof the three major crystal planes va-
ry only marginally in HF lutions but vary greatly in
alkaline slutions iv) etch rate is pecific o a given
st of etching conditions In addition to material and
®lution conditions, the etch rate of silicon in a given
gystan depends on many operational parameters such
as size and geometry of the ssmple, wolune of the -
lution, stirring condition, ambient ( light and air)
oontrol and etching time  Thus, for a given silicon
material and lution camposition, etch rate may sig-
nificantly varywhen it ismeasured under different op-
erating conditions This is often regonsible for the
smetimes large difference in etch rates that can be
found in identical systans from different investiga

tions
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Fig 5 Etch rate of different silicon oxides as a function of
HF concentration

The etching of silicon oxides is particularly im-
portant in silicon technology. Deposited silicon oxides
are used as an dielectric layer, passive layer or mask-
ingmaterials for device fabrication and as a native ox-
ide it is an esential part of the surface condition In
particular, the oxide fomed on silicon during electro-
chamical processesplays a critical ole in the proper-
ties of silicon electrode; most of the electrode phenom-
ena observed on silicon are asociated with the fomar
tion and disolution kinetics and the properties of the
aurface oxides Fig 7 shows the etch rate of different
types of silicon oxides as a function of HF concentra-



tion Several general ranarks can be made on the da-
ta 1) Etch rate of all the oxides increaseswith HF
concentration; 2) The etch rates differ by several or-
ders of magnitudes for different types of oxides with
guartz being the sovest and anodic oxide being the
fastest, reflecting the large difference in the structure
of these oxides 3) silicon asa lid is extramely stable
in HF lutions compared o itsoxide, as its disolu-
tion rate is several orders of magnitude snaller than
even that of quartZ®.

31 In HF Solutions

The etch rate of silicon in the absence of an oxi-
dant at room temperature at OCP is very low, on the
order of 10° A /s in concentrated HF lutions ( >
25% HF) ™,
tme In HFNH,F olutions, the etch rate decreases

It tends © decrease with mmersion

with increasing HF at a constant NH, F concentration
and it increaseswith increasing NH, F at constant HF

("] The etch rate of silicon in HF does

concentration
not have a clear dependence on dopant concentration
M echanistically, silicon disolvesmainly electrochen-
ically in HF lutions inwhich participation of charge
carriers is require[S]. At OCP the rate of disolution
is lov because there are fav carriers The dislution
rate increaseswith potential to generate carriers at the
wrface as sown in Fig 4

Addition of oxidants in HF slution can greatly
increase etch rate  The most used oxidants for etching
are HNO;, Br, HO, and CiO,.

HNO; etching systam is the most used itropic etch-

[12-13]

In particular, HF
ant for silicon The mixtures of these twvo con-
centrated acids can be diluted with water or other di-
lutant 1o give awide range of etch rates On the other
hand, the HF-CIO; etching systan iswidely used for
defect etching and delineation of junctions betveen
silicon layersof different doping concentrations****'.
32 InAlkalne Solutions

The most conmonly used alkaline lutions have
been KOH and EDP (or ERN ) which is a mixture of
ethylenediamine (ED or E) , pyrocatechol (P) and wa-
ter (W)™, Other ®lutions such as NHOH,,
hadrazine, ethanolanine and tetramethyl anmonium

hydroxide( TMAH) are al® used The development
and gpplication of these etching olutions are dictated
by a number of factors such as etch rate, anitropic
*lectivity, corrosiveness b masking materials, ur-
face quality, processing controllability, safety, and
more recently enviormental impact

Silicon etching in KOH slutions have been ex-
tensively investigated, resulting in a body of infoma-
tion that shapes the current understanding of the etch-
ing behavior of silicon in alkaline lutions The ma-
jor characteristics and the principle reaction processes
involved in all alkaline lutions gppear o be smilar
o that in the KOH systam although the detail charac-
teristics vary fran gystam o gystan. Most notably, an
alkaline lutions show the ensitivity of etch rate ©
crystal orientation, which is the basis for anitropic
etching Al®, all these etchants show an etch rate
reduction for highly boron doped materials The alka-
line etchants can be made of organic and inorganic -
lutions, but all of them gppear o require the presence
of water o etch silicon at significant rates

The etch rate of silicon in KOH may vary from as
lov as1A /s in dilute KOH (e g Q 5 mol/L) at
froam temperature © as high as 2 000A /s in a con-
centrated lution(e g 40% KOH) at high tampera-
tures For a given type and orientation the etch rate is
esentially independent of doping concentration up ©
a concentration of about 10°° /am’'***!. At a doping
level of about 2 x 10° /an’ the etch rate of boron
doped silicon drastically decreases with increasing
dopant concentration, particularly for boron doped
materials Thus, reduction by asmuch as three orders
of magnitude can be obtained by varying the boron
concentration from about 10° /am® 1o above 107/
an’. This feature has been widely used as an etch-
stop technique for the fabrication of silicon micro-
structures

The etch rate of all silicon materials in KOH de-
pends, © a varying extent, on potential .
ever, the contribution of electrochenical reactions
relative o chamical reactions, in etch rate is snall
Etch rate is the highest at OCP. At potentials positive
of the passivation potential etching siops due o the

How-
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fomation of an oxide fim. At cathodic potentials, the
effect is different for n-Si and p-Si  For n-Si etch rate
decreases with increasing cathodic bias and etching
stop s at certain potentials For p-Si the etching at car
thodic potentialsmaintains relatively a high rate cam-
parable to that at OCP

3 3 Anisotropic D islution

A characterigtic feature of silicon etching in alka
line olutions is aniotopic etching, i e , different
disolution rates on different crystal planes Strictly
geaking, the etch rate of silicon always depends, 1©
a various extent, on crystal orientation in all etching
olutions, acidic or alkaline However, the etch rate
difference anong different planes is snall in acidic
HF wolutions compared © those in alkaline lu-
tiond® %!
Anitropic disolution of crystal surface reaults
in the fomation of surface contour whose geometric
features depend on the crystal orientation'*”!. During
steady state etching the etched aurface profile exhibits
Etching
of ghere, which is a convex aurface, will result in a
polyhedron hounded by faces, which exhibit high etch
rates, and vertices correpponding © minima in etch
rates Since the fast etching planes vary with lution
composition, the faces and vertices of etched polyhed-

a characteristic shape: convex or concave ™.

on al®o vary Using masks of different shgpes and
orientations and oontrolling the planes © disgppear
and develop during etching, various etched features
uch as cavity or pyramid can be obtained fran anio-
tropic etchinglal]_

4 Surface Structures Reaulted

fran D isolution

The surface topography related to roughness is
the roost basic surface microstructures that is resulted
fran the disolution of silicon occurred in the various
wet steps Controlling these random microstructures ©o
a minimal sale through polishing and cleaning,
which is currently an active research area, isvery im-
portant o the perfomance and reliability of advanced
electronic deviced™*".
Pits and groves reaulted fram etching are the sur-

face structures related to the preferential disolution
asociated with substrate defects Defect etching is a
smple and fast method © detemine the structural
perfection of single crystal
tures developed by defect etching have a characteristic

The moiphological fea-

shape and may occur at randam or in arrays revealing
crystalline mperfections such as dislocation, dlip,
lineage, and stacking faults Defect etching has been
widely used to evaluate dislocations and al® o delin-
eate process-induced defects in silicon wafersand epi-
taxial deposits Many different etchants most of
which are based on CiIO; added HF slutions, have
been developed for various pumposes By using proper
etchants and procedures, different typesof crystal de-
fects can be evaluated

W ell-defined surface structures can be generated
through etching o electively ramove materials from
the surface The mportant agpect of such etching
processis the ability to control the anount of materials
ranoved with sufficient patial accuracy The process
and structural diversity in device fabrication necessi-
tates diverse etching techniques, chemical or electro-
chamical, junction, anitropicity, masking, and il-
lumination © provide unifom and <lective etching
with lateral selectivity aswell as in-depth selectivity

The most fascinating structures found silicon
electrodes are porous silicon fomed by anodic diso-
lution in HF slutions Themomhology of porous sili-
con has an extranely rich detailswith repect o the
range of variations in pore size, shape, orientation,
branch, and distribution***"),
Fig 6 shows the condition for occurrence of PS foma-
tion and electropolishing®. The three regionsin rela-
tion © current density and HF concentration are es
sentially independent of the silicon substrate doping
type and concentration, which means that the differ-

interconnection,

ences in smi-oconducting properties of the silicon
samples have little effect on the occurrence of these
regions The variousparaneters involved in PS foma-
tion sauch as potential, doping, and illunination, af-
fect the occurrence of the different regions through
their relation to the current density Low current and
high HF concentration favours PS formation while high



current and lov HF concentration favours polishing
W hile the condition for PS is esentially inde-
pendent of the condition of the silicon substrate, the
moiphology of PS, on the other hand, is strongly de-
pendent on the factors related o the substrate For
exanple, doping concentration, which does not affect
the nature of electrochamical reactions, isa principle
factor in detemining the morphology of porous sili-
con Qualitatively, the diverse momphological features
of FS reported in the literature can be summarised ©
six different apects pore shape, pore orientation,
shape of a pore bottom, fill of macro pores branch-
ing, and depth variation of a PS layer
2

lg(i/mA - em™?)

lg( Cm*/ %)

Fig 6 Occurrence of different regions as a function of HF
concentration

The rich detailsof PSmormphology are detemined
by the numermus faciors involved in the anodization
Generally, p-Si and n-Si have distinct differences in
the correlation betveen the fomation conditions and
PSmomhology. Al, among all fomation conditions
doping concentration appears o show the most clear
functional effect on momhology A s the most quantifi-
able paraneter the diameter of pores gpears, as a
rough generalisation, 1 have certain qualitatively cor-
relation with the variousmorphological apects More
detailed de<cription of the momphology of porous sili-
con and discussion of the fomation mechanigns are
documented in a recently published book: " Electro-
chamistry of Silicon and ItsOxide" ™.
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