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Microdefect distribution in a monocrystalline silicon wafer is identified by saturating the wafer with copper at a high temperature
followed by copper precipitate growth through rapid cooling followed by surface polishing and subsequent microdefect-decorating
etching. The decorated microdefect field consists of etch pits that are formed by the difference in the etching rates of the precipitate
influenced region around microdefects, and the etching rate of the surrounding defect-free silicon. Interplay between liquid-phase
mass-transport effects and surface kinetics plays a key role in the microdefect decoration. It is shown that the macrodecoration of
microdefects is typically realized in the absence of significant effects of the liquid-phase diffusion. The developed phenomeno-
logical model leads to classification of etchants as either polishing or potentially decorating and to identification of conditions
necessary for an efficient microdefect decoration. The competing effects of kinetics toward microdefect decoration and liquid-
phase transport toward surface polishing are quantified by theoretically derived solutions for the decorating efficiency and the
polishing efficiency. Autoerosion of the microdefects by mildly polishing etchants is also quantified. Analytical expressions for the
microdefect-decorating and microdefect-polishing conditions are presented. Finally, decorating and polishing etchants are experi-
mentally identified from a group of etchants and the proposed theory is verified by experimental data.
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Defects in monocrystalline silicor-The silicon crystal inher-  subsequent production of a silicon wafer of the required quality
ently contains many crystallographic imperfections. The most com-involve identification and characterization of the microdefects.
mon type of imperfections in the crystals grown prior to the 1950s  Chemical etching is a popular method of microdefect character-
were dislocations primarily formed by thermomechanical stresses irization. Silicon etching, in essence, is a surface reaction that in-
the vicinity of the melt/crystal interface. The major breakthrough by volves chemical dissolution of silicon into a liquid etchant. Most
Dash (1958, 1959 allowed growth of dislocation-free crystdig. ~ Popular etchants used in microdefect decoration are mixtures of an
However, elimination of thermomechanically induced dislocations ©Xidant, a chemical dissolving age(generally, hydrofluoric acid
introduced various types of crystallographic imperfections popularly@nd inert dll_uentl%. Etching proceeds as described by the following
known as microdefects. The microdefects are primarily of two ori- 9/0bal reaction’s
gins: vacancy and self-interstitiiVacancies are formed by a miss-

ing atom in the crystal lattice and a self-interstitial is a silicon atom Si + oxidant— SiO, + gasest by-products (1]
that is displaced from its normal lattice position. Both vacancies and . )
self-interstitials, which are collectively termed as point defects, exist SIO; + 6HF — H,SiF + 2H,0 (2]

as solutes in the bulk silicon solvent. The solubility of point defects

exponentially increases with the temperattifeds a segment of a  Local stress levels at the microdefects are different from stress lev-
growing crystal moves away from the melt/crystal interface, theels in the perfect silicon lattice. A class of etchants known as
temperature of the crystal segment decreases, allowing the graduaticrodefect-decorating etchants, or simply, decorating etchants,
supersaturation of the point defects. Dislocation loops formed byshows sensitivity to this difference in the stress levels. In the pres-
thermomechanical stress provide sufficient surface area for absorgence of a decorating etchant, etching rates of the microdefects are
tion of the point defects. However, in the absence of such surfacdlifferent from etching rates of the perfect lattice. This differential
area, both self-interstitials and vacancies homogeneously agglomegtching creates either pits known as etch pits or hillocks at the mi-
ate to form precipitates, which are known as microdefects. Abe androdefect sites, which then can be identified under a microscope.
co-workers (1966 were first to report interstitial related defects, Oxidants and diluents used in an etching mixture influence its
although the origin of these defects was not clearly kndWhese microdefect-decorating capacity. The popular OX|dants_ used are
defects were later known as A-defects and B-defects, and were ideddNOs, CrO;, K,Cr,O;, and Cu(NQ),. Most common diluents
tified as interstitial-related dislocation loops and three-dimensional@re O, CH;COOH, and other acids. Sirtl and AdI€r961), Secco
interstitial agglomerates, respectivé§Vacancy agglomerates were d’Aragona (1972, Schimmel (1976, Jenkins (1977, and Yang
first reported by Roksnoer and van den Bo881), which were (1984 were among many others who successfully experimented

later termed D-defec. with various compositions of oxidants, HF, and diluents to charac-
‘ . . _ . terize microdefectst*®
History of microdefect decoratior-As the size of devices de- Microdefect decoration is also accomplished by forced precipi-

creases in the current microelectronics industry, the demand on theation of selective metal solutes on the microdefects. Typically, met-
quality of the silicon substrate becomes more stringent. The size andls precipitate as silicides. The technique involves saturation of the
the spatial distribution of both vacancy and interstitial-type agglom- silicon wafer with a metal impurity at a high temperature followed
erated microdefects play a critical role in device failure. Therefore,by rapid cooling to allow supersaturation of the impurity and its
the quality of a silicon wafer is typically defined by the size and subsequent precipitation on the microdefects. The most frequently
distribution of the microdefects. Device manufacturers have varyingused impurity to decorate microdefects in silicon wafers is cogsper.
wafer-quality requirements and the challenge of producing differentThe copper decorated microdefects can be characterized by optical
types of silicon wafers to meet different device makers’ specifica-0r infrared microscopyDash, 1958 transmission X-ray topogra-
tions is on the wafer manufacturer. The research, development, anghy (XRT, de Kock, 1973 or by the Lang XRT methodde Kock,
1970.%6-18 Considerable progress has been made in characterizing
copper precipitategrecognized as Gi$i) since the 1970s and the
* Electrochemical Society Active Member. method of copper precipitation for microdefect decoration has been
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In the past, techniques of copper precipitation and decoratingfar, no concise reported model in the literature can relate the quality
etching for microdefect characterization were not applied in con-of microdefect decoration to both diffusion and kinetic effects.
junction with each other. The density of a copper precipitate is muchTherefore, there is a need to study and quantify the quality of mi-
lower than that of silicon. Therefore, growth of a copper precipitate crodefect decoration by incorporating these effects. It is also neces-
generates compressive stresses in the surrounding area. Thesery to identify parameters that determine the nature of an etchant as
stresses are relieved by ejection of silicon lattice atoms as interstieither polishing or decorating.
tials. The ejected interstitials form new dislocations around the cop- L )
per precipitaté® Subsequent copper precipitation can take place on Quantification of Process Time Scales
these dislocations. This precipitate-influenced region, containing Chemical etching of silicon wafers is a three-phase system that
many copper precipitates and dislocations formed around a singlénvolves liquid-phase diffusion of reactants from the bulk liquid to
microdefect, is identified as a copper precipitate colony or copperthe wafer surface, surface reactions that generate products in both
colony. Different metals can form different precipitate colonies. A the gas phase and the liquid phase, and subsequent transport of
copper precipitate colony is much larger in size than the originalproducts into the bulk liquid® Effects of gaseous bubbles on the
microdefect® After copper precipitation, a microdefect site is iden- surface morphology can be incorporated by the assumption of a
tified by a much enlarged region occupied by the associated coppepseudoliquid phase with an effective diffusivity. According to the
precipitate colony. Hence, a more efficient characterization of mi-classical film-transport theory, the diffusion of reagents occurs
crodefects is accomplished by copper precipitation followed bythrough a stagnant filfconcentration boundary layeand thus, the

decorating etching! mass-transport rate per unit area of the wafer is defindti®as
Limitations of the current knowledge-Chemical etching is a De.i
multiphase reaction that involves diffusion of reagents in the liquid fmi = 5. (Cpi = Cti) = Kmeerr,{ Cpi — Cr) (3]
eft, 1

phase and subsequent reaction on the wafer surface. Hence, the etch-
ing rate of any site on the wafer surface is described by both liquid- e .
phase diffusion of reagents and surface kinetics. Both kinetics and'N€reérm (mol/mr” s) is the rate of transport of a given reagent per
liquid-phase diffusiorimass-transportletermine local etching rates UNit surface ared) (m7s) is the diffusivity of a given reagent in the

and, thereby, the quality of microdefect decoration. The massiquid film, 3(m) is the liquid film thicknessC (mol/m’) is the

transport effects are present in many different etching systemstoncentration of a given reagent akg (m/) is the mass-transport
Schwartz and Robbin€l961, 1976, Robbins and Schwart959, coefficient for a given reagent. _S_ubscrlpt m denotes mass transport,
1960, Bogenschtz et al. (1967, and Klein and D'Stefar(1962 b refers to the bulk liquid conditions, f refers to the wafer surface
are among many others to report the presence of mass-transpcfPnditions, and i identifies the reagent. Phenomenological param-
effects in various etching systerf&2’ Generally, the presence of cters are identified by subscript eff. Depending on the complexity of
mass-transport influence was studied by observing the etching rat yd(rjod_l)_/rr]lamlcr;s a? ﬂe]ffectlve thlttr:]kntess Otf the I'qL:'?If”Th_C"’l‘(n be dde-
variation with the mixing intensity and the temperature of the liquid """€d- hroughout this paper, e term transport-fiim tickness de-
phase. The dependence of the saturation current density of an n-tydEOtes the effective thickness of this f'l.m' The rate of consumption of
silicon electrode on the intensity of mixing was reported by Turner & 9iven reagent by the surface reaction per unit area is given by
(1961).28 In their study to understand stain reduction, Gaffney and o o~

. : : M fr(T:Cflxch:ka---) [4]
Chiou (1998 reported mass-transport effects in acid-based ’ o

etching? Baueret al. (1998 reported the importance of fluid dy- wherer, (mol/n? s) is the rate of consumptiomot rate of forma-
namics in etching but offered no quantitative or phenomenologlcaltion) of a given reagent per unit areB,(K) is the absolute tempera-

H 0
explanatiori” John and McDonald1993 observed the dependence ture, andf, is a function describing the surface kinetics. Subscript r

of spray etching performance on the design of the etching €AUP%efers to reaction and subscripts j, k... denote relevant species on the

ment, which seems to indicate the influence of mass trandport.  \yafer surface that take part in the etching reaction.

Monk et al. (1994 revealed the shift from kinetics to diffusion in  etching is given by

the rate controlling stef?3 Monk et al. (1993 also studied the

kinetics of dissolution of thermal oxide of silicon by HEAlthough DF,; DF,; DF,

these studies did not address thesitu oxidation of silicon by an li="TImi= "= R - R TR

oxidant and simultaneous dissolution by HF, the potential signifi- o.effi m.ef ref

cance of mass-transport effects in such systems was revealed. The

presence of diffusion effects in dissolution of thermal oxide by HF

solutions of various compositions were acknowledged by Monk and

Soane(1993.% w
In current literature, there is an abundance of information on

both copper precipitation and decorating etching. However, current

understanding of microdefect decoration by etching is based on the DF,,; = Cpi — Cy;

difference between the etching rates of the microdefects and of per- ' ’ ’

fect silicon. Generally, this difference is attributed to the difference DF,; = Cy;

in the kinetics between the two regions. However, kinetics describes

only surface reactions. Kulkarni and E{R000 proposed a generic Seff.i 1

theory of etching that incorporates both mass-transfer and kinetic Rinefi = D...

effects® In essence, they showed that the presence of liquid-phase et

diffusion effects typically reduces the intensity of surface irregulari- 1

ties such as roughness and resists formation of surface irregularities R erri = f(T.Cp;.Cr.,C )

because of a polishing effect. Since the etch pits formed by a deco- At A VP S

rating etchant are also surface irregularities, it can be argued that the C;

presence of significant mass-transport effects can affect the quality

of microdefect decoration. The relative magnitude of the diffusion Herer; (mol/n? s), the overall rate of consumgtion of areactant i, is

time scale compared to that of the kinetic time scale is the keygiven as the ratio of a driving forc®F (mol/m), to a resistanceR

parameter that describes the quality of microdefect decoration. S@s/m). The driving force and the resistance can be based on only

— Ryeffi = Rmefii T Ry effi (5]

here

DF,i = Gy

km,eﬁ,i
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mass transport, only kinetics, or both. Subscript o indicates overall : 3 H
effect of kinetics as well as mass transport. Kulkarni and 2600 FS Defect pit
defined a kinetic resistance based on the uniform interfacial concen w

tration predicted by the effective mass-transport resistance and th
rate of transport. Thus, true kinetic parameters could be used tc,
define the kinetic resistance. However, in this study, we define an ®
effective kinetic resistance for better accuracy. Throughout this pa—"ﬁ
per, the term kinetics refers to the effective kinetics.

The rate of decrease in the wafer thickness and the rate of con

sumption of a reactant are related by stoichiometry of the etching Q 4—
reaction and the wafer density 2
n; wn
rl = ri = &r (6]

whererl (m/9 is the rate of decreas@ot rate of increagein the
wafer thickness or the linear removal ratejs the number of moles

of silicon (or reacting solid reacted per mole of reactant i con-
sumed,p moiar (MOl/MT) is the molar density of silicorfor reacting
solid), and& (m®mol) is the conversion factor. Using Eq. 5 and 6,
the resistances based on the rate of decrease in the wafer thickne
are given by

Mass-Transport- Bulk Liauid

DF DF DF L'J g
) ) . §ime =
rl = O’I_ = mVI_ = m_ — Boefi = Bmefri T Brefti ﬁ;‘
Bo,eff,l Bm,eff,l Br,efm 7 -~ CQ“
. D S :
where Direction of etching, x
_ Ro e, _ Rim,eff, Figure 1. A phenomenological representation of microdefect decoration by
Bo,eﬁ,i - Ci m,eff,i — Ci etching_
and
R eff i fect. Figure 1 shows a part of a silicon wafer with a microdefect
reffi — related etch pit of depth (m) covered by a stagnant liquid-film o
B 3; lated h pit of depth (m) db liquid-fil f
I

thicknessd i (M) on the surface andqqq; (M) on the pit. Al-
B (mol s/nf) is the resistance based on the rate of decrease in th&'°ugh etching takes place in all directions, for generic simplicity, it
wafer thickness is assumed that effective etching takes place predominantly ir the
: direction. The rate of increase in the pit depth is given by the dif-

Resistance is a quantitative measure of the time scale of a prog rence between the linear removal rates of the silicon surface and
cess. Thus, the effective mass-transport resistance reflects the mass- .-
e copper precipitate colony

transport time scale, the effective kinetic resistance reflects the sur-
face kinetic time scale and the effective overall resistance reflects
the time scale of the overall process. It is clear from Eq. 5 and 7 that dh

the effective overall resistance of the process is a linear combination = = Mg —rls (8]
of the effective kinetic resistance and the effective mass-transport
resistance. Since etching takes place through a mass-transport step
and a kinetic step, the rate-controlling step is determined by theyhere
magnitude of the ratio of the effective mass-transport resistance to

the effective kinetic resistance.

Microdefect Decoration fla= &ala (9]
Procedure—In this study, advantages of copper precipitation as Me= &cfsi [10]
well as decorating etching are combined by a hybrid decorating t
technique. The following steps are followed sequentially.
1. Saturation of the silicon wafer with copper at a temperaturewhere subscript d denotes the copper precipitate colony and the etch
above 800°C. pit formed by it, and s denotes the perfect silicon surface. Subscript
2. Rapid cooling of the silicon wafer to allow heterogeneous d also denotes the pit after complete dissolution of the copper pre-
nucleation of copper on the microdefects and subsequent growth ofipitate colony. The maximum rate at which the pit depth can in-
copper precipitate colonies. crease is given by
3. Chemical surface polishing to clean the wafer surface.
4. Decorating etching to decorate the copper precipitate colonies.

dh
Quantification of Microdefect Decoration {

E:| = rl d [11]
Microdefect decoration takes place because the etching rates e

(more precisely, dissolution radesf copper precipitate colonies are

greater than the etching rates of surrounding perfect silicon. In thisThe decorating efficiency can be defined as the ratio of the rate of

work, only copper precipitate enhanced microdefect decoration isncrease in the pit depth to the maximum possible rate of increase in

treated. Thus, each copper precipitate colony represents a microdéhe pit depth
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&

= Tan ne dh
dt Cdt
max max
1+ (Bm,eﬂ,d,i) 1+ (Bm,eﬁ,s,i)
_ Br,eﬂ,d,i Br,eﬁ,d,i _ Br,eﬁ,s,i Br,eﬁ,s,i
T Brenss Bmets ~ T Brena Bmetas
reff,s,i 1+ m,eff,s,|) reff,d,i 1+ ( m,eff,d,l)
Br,eff,s,i Br,eff,d,i
1+ I:zm,eff,d,i) 1+ Rm,eﬁ,s,i)
€si Rreftdi Ry efr,di € Rreftsi Ry eftsi
=1- > [12] =1- = [16]
€di Rrefrsi (Rm,eﬂ,s,i) €si Reefr, (Rm,eﬂ,d,i)
1+ 1 o
Rr,eff,s,i Rr Leff,d,i

The average polishing efficiency of an etchant is the integral average
The average decorating efficiency is the integral average of theyf the polishing efficiency fronh, to h,

decorating efficiency during the pit growth
g Y g Pitg hy dh dh dh
hl - m _a max,

h2 ([dh dh —
/2] Jo

avg = rp— [13] ) . e - .
2 1 It is evident that the polishing efficiency in the presence of the
copper precipitate colonies must be negative for microdefect deco-
. - . ration to take place. However, in the presence of the liquid-phase
where sub_scrlpts 1 and 2 indicate the pit depth at the onset and engsion effects, the polishing effect may dominate. Microdefect
of decora}tlon. . .. decoration cannot proceed when the polishing efficiency in the pres-
Equation 12 clearly demonstrates the significance of the liquid-gce of a copper precipitate colony is positive. The polishing effi-

phase diffusion on microdefect decoration. It is evident that the Mi-ciency and the decorating efficiency have opposite signs except
crodefect decoration takes place only when the decorating efficiency,nen both are equal to zero.

is positive and that its quality is strongly influenced by the effective
mass-transport resistance. Microdefect Polishing and Normal Polishing

During decorating etching, the decorating efficiency remains ; is important to recognize the distinction between microdefect

: . . - epolishing and normal polishing. Polishing at the microdefect site or
colony. After complete dissolution of the given copper precipitate nicyodefect polishing is resisted by the difference between the in-
colony at the pit, no further increase in the pit depth is possible,ingjc etching kinetics of the native microdefect or the copper pre-
because kinetic resistance at the pit and that at the surface becon?:?pitate colony and that of perfect silicdie., B, oq; and By effc

" r,ef,a,l r,ef,s,l

e, oWerer e QE0Te o e B, = Py descrbed by ciferent i knetaioma olshing e
pit remains practically equal to the etching rate of the surface 8Iace over a rough silicon surface in the absence of microdefects or
) copper precipitates and is described by the same intrinsic kinetics.
o o Thus, for the normal polishing, the intrinsic kinetics of the etched
Quantification of Surface Polishing area remains uniforni.e., B, ¢ q; aNd B, s, are described by the
Surface polishing by an etchant takes place when the etchingame intrinsic kinetigs An etchant can exhibit a negative polishing
rates of the pits or valleys on the wafer surface are lower than theefficiency (positive decorating efficiengyin the presence of a cop-
etching rates of planar areas. With reference to Fig. 1, the polishingper precipitate colony and a positive polishing efficiency on the
rate is defined as rough silicon surface. Under such conditions, small and shallow etch
pits are formed in the presence of the copper precipitates. However,
these small pits are erased after the copper precipitates are com-
_@ — -1l [14] pletely etched. Thus, an etch pit can make a transition from deco-
dat s d rating conditions to polishing conditions. Typically, this transition
takes place upon complete dissolution of the copper precipitate
colony.
The maximum polishing rate is achieved when the linear removal . . . L
rate at the pityl 4, is equal to zero Analysis of Microdefect Decoration and Surface Polishing
Equations 12 and 16 describe the generic effect of the mass
transport and the surface kinetics on any etching process. Microde-
[15] fects are decorated when the decorating efficiencies at the microde-
fect sites are positive. Surface irregularities including the microde-
fect related etch pits are eventually erased if the normal polishing
takes place. Equations 12 and 16 describe microdefect decoration
The polishing efficiency of any etchant is defined as the rate ofand surface polishing under all conditions. However, insight into the
decrease in the pit depth to the maximum possible rate of decreaséole of transport on microdefect decoration is better achieved by
It must be noted that the polishing efficiency at an etch pit in the analyzing two limiting cases. For precipitate aided decorating etch-
presence of an associated copper precipitate colony is lower than thiag, typically B et 4/ Br efr s, IS l€SS than 1. The following discussion
polishing efficiency in its absence. In general, the polishing effi- focuses on this case. However, the general argument can be ex-
ciency is given by the following equation tended to all conditions.

dn
-~ =1
max
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B ﬁ Defect pit L1 Es.i Rr,eﬁ,d,i[l Rm,eﬂ,d,i}
" 5 il €4 Rrefrsi Ry eff.di
® o ko)
z : : E Brefd,i Bm,effdi
8 4—5 8 ¢ ::' :1—L"|1+L"I [20]
S % & = Brefsi Brefrd,i
m [+1]
5 € Reefs; 1
g m .
§ €s,i Rrefrdi Rin,effd.i
T R 1+
_ 3. Ry eff,di
R Sz
? : ? -1 - Br,eff,s,i 1 [21]
Direction of etching, x Direction of etching, x Br,eff,d,i 1+ Bm,eﬁ,d,i)
(a) (b) Brefrdi
. Equation 20 indicates that the decorating efficiency decreases as the
5 Defect pit i - transport effects in the shallow pit increase. As the size of these
5 ] 5 | Defeot pit stagnant cells gradually increases, the decorating efficiency de-
g z f T creases and becomes zero when the condition
c (=] o o
S <4+——3 < 3
E z £ = Brefidit Bmefrdi~ Brefsi=0 andBmersi= 0 [22]
@ £ a
£ £ is met. Equation 22 indicates the crossover limit. This happens when
oy iy the sum of the kinetic and transport resistances at the pit equals the
2 g sum of the kinetic and transport resistances on the perfect surface.
- é € é € Beyond this limit, in thg absence of the efft_ectlve ma_lss-transport
— == — == resistance on the surfagee., for B, os; = 0), increase in the ef-
< = < = il fective mass-transport resistance at the shallow pit changes the etch-
Direction of etching, x Direction of etching, x |ng condition from decorating to p0||sh|ng
(c) (d) A shift in the etchant behavior occurs when the surface mass-

transport resistance becomes finit®nzerg. The threshold of this
Figure 2. A phenomenological representation of microdefect decorgdpn  shift is marked by the equality of the effective mass-transport film
in the abse_nce of the transport filiit) in the presence of a stagnant cellin  thickness on the pit and the pit depthfq; = h) when the surface
the etch pit,(C) at h = Befrq; and ders; = O, and(d) for infinite mass- fjjm thickness is still zero §s; = 0). The critical values of the
transport film thickness. decorating efficiency and the polishing efficiency at this stfft.
2¢) are still given by Eq. 20 and 21, respectively. When the stagnant
transport film covers both the wafer surface and the pit as shown in
Limiting case 1: Effect of the transport-film thicknes§he Fig. 1.’ both the dgcorating efficiency and the polishing e_fficiency at
mass-transport time scale and the effective mass-transport resistanj!}e microdefect site are given by Eq. 12 and 16, respectively. As the
each increase with increasing thickness of the transport film. Th im thickness approaches '“f"?'t‘F'g- 2@, the decorating Eff".
ciency approaches an asymptotic value given by Eq. 23. The polish-

effective thickness of this film is a function of the etchant composi- . e ) 4
tion and the hydrodynamic conditions in the etching reactor. The!NY efﬂuency approaches an asymptotic value given by Eq. 24 when
the film thickness approaches infinity

transport-film thickness decreases with increasing mixing intensity

in a reactor®3® Thus, the film thickness decreases with increasing £
mixing intensity in the etching reactor. Consider a hypothetical sce- limg fore =1 - el [23]
nario shown in Fig. 2. The film thickness is negligible in Fig. 2a. st €a,
The etching is kinetically controlled, the decorating efficiency at the £y,
microdefect sitdetch piy is at its highestmaximun) value, and the lims  .m=1- Sdi [24]
polishing efficiency at the site is at its lowgshinimum) value effs. s,i
The behavior of an etchant as a function of mass-transport and
lim | =1 - Esi Rrefai —1_ Br.eff,di kinetic effects at the microdefect site can be illustrated on a graph of
Bm.etsOBmenar0 Ed,i Rr,eff,s,i Br,eff,s,i
(18]
lim n = 1 - & Rr,eff,s,i _ _ Br,eﬁ,s,i
Bm.efts, "0 8m.eff 0 Es,i Rreff d, Brefidi
[19]
As the hydrodynamic conditions in the reactor change, stagnan(a) Bregail Bropai (b) Bretiail B oo

cells in the shallow etch pits can develop, as shown in Fig. 2b. These

cells can be represented as an effective film that covers part of th€igure 3. Effect of the mass-transport film thickness on the decorating effi-
pit. Under this condition, the decorating and polishing efficiency atciency at a microdefect-site for a given pit depth af@i £4;/£s;, (b)

the etch pit at the microdefect site are given by Rrefrdil Rrefts,i-
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£4il€si. Figure 4b shows constang,;/&s; for a given
RrerrafRrefrsi- The polishing efficiency decreases with increasing

Ea,ilEs)

Limiting case 2: Effect of diffusivity-The mass-transport time
scale decreases with increasing diffusivity. Thus, both polishing ef-
ficiency and decorating efficiency at the microdefect site are affected
by the diffusivities of reactants for a fixed transport-film thickness.
Consider the hypothetical scenario shown in Fig. 5. Figure 5a de-
picts the case for infinite diffusivity. When the diffusivity is infinite
(a) Buegai! Brogas (b) BoveraisBregai the thickness of the mass-transport film is irrelevant as the mass-

transport resistance is zero. Under these conditions, the decorating

Figure 4. Effect of the mass-transport film thickness on the polishing effi- efficiency is at its highestmaximum) value and the polishing effi-

ciency at a microdefect site for a given pit depth a@ £4;/&s,;, (b) ciency is at its lowestminimum) value. Equations 18 and 19 quan-

Ry eff.aif Rrefisi- tify these efficiencies. When the diffusivity of the key reactant de-
creases(Fig. 5b), the decorating efficiency decreases and the
polishing efficiency increases. For these conditions, the decorating
and polishing efficiencies are quantified by Eq. 12 and 16, respec-

decorating efficiencyl) vs. the ratio of mass-transport resistance to tively. As the diffusivity of the key reactant further decreases, the

the kinetic resistanceB(, o q/B, ora). Figure 3a shows a family ~Crossover occurs whel_w the sum_of the klne_tlc and the transport re-
of curves on this graph f(ﬁ”d ivlgsi’ —1. Each curve on this graph is sistances at the etch pit at the microdefect site equals the sum of the
an isokinetic line that represents a fixed ratio of the time scale of thekinetic and the transport resistances on the perfect silicon surface
kinetics at the etch pit at the microdefect site to the time scale of the _

surface Kineticsp, e 4/ Br.efisi- It is important to note that an iso- Brenai T Bmendi ~ (Brefsit Bmefis) = O [25]

kinetic line does not necessarily capture the variation of the deco- o ) )

rating efficiency of a particular etchant. For a given etchant, theAs diffusivity approaches zero, the decorating and microdefect-

locus of the decorating efficiency as a functionfaf, e.ai/Br efrq. pol!shmg efficiencies tend to the_nonzero asymptotic values de-

does not necessarily represent a fif@chsqi/Brefs;, and hence, —SCNbed by Eq. 26 and 27, respectively
does not necessarily represent an isokinetic line. However, a given

point on that locus lies on some isokinetic line. Thus, all etchants limg . ol =1-— &( +1 [26]
can be mapped on this graph. The kinetic tendency toward micro- efti™ €4, \ Defr s,
defect decoration decreases with increagdngy qi/Br efrs,i-

The parameteré;/&g;, represents the ratio of the cumulative lim -1 @ Beff s [27]
effects of the reaction stoichiometry and density of the copper Derr =0 " €gidefrsit N

colony to those of the surrounding silicon. The decorating efficiency

| increases with increasing,/€s;, for a fixedRyefa/Reesi Fig- |t is quite interesting to note that fary/¢., = 1, the asymptotic

ure 3b shows the dependence of the decorating efficiency at thgaiye of the decorating efficiency at the etch pit at the microdefect
microdefect site, orBm.efia/Brerai, for different £4i/€;, at @ sjte is a constant negative value and the asymptotic value of the
fixed Ry efr i/ Rr efr,ss E@ch line on this graph represents a constantpolishing efficiency at the site is a constant positive value. Thus,

EailEs)i ) o _ _ ~ when the thickness of the transport film is finite, increase in the
The corresponding polishing behavior of any etchant is studiedtransport resistance invariably improves the polishing quality and
on a graph of microdefect site polishing efficiencys.  deteriorates the decorating capacity of an etchant.

Bm.efrdi/Brerai (Fig. 48. Clearly, the polishing capacity and the The effects of transport and kinetics on microdefect decoration
microdefect-decorating capacity exhibit an inverse relationship withcan be illustrated on a graph of decorating efficieibyvs. the
each other. Microdefect-polishing tendency increases with increasratio of mass-transport resistance to the Kkinetic resistance
iNg B efrai/ Brefrsi- Again, Fig. 4a shows the isokinetic lines when (B, eai/Br.efra,)- Figure 6a shows isokinetic lines on this graph for
€4,/ is unity. There is a family of isokinetic lines for each &4;/&5; = 1. As discussed earlier, an isokinetic line represents a
fixed kinetics B, et q,/Br efrs). 1he decorating efficiency decreases
with increasing B efrqi/Brefisi- Figure 6b shows the effect of
£qilksi at a givenR, ¢n4i/Rrefrs- Here decorating efficiency in-
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finite effective diffusivity. Eail€sir (0) Ryefrai/Rreftsi-
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tate colony. The pit depth is at its maximum when the decorating
efficiency becomes zero. This condition is quantified by Eq. 30
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Figure 7. Effect of the effective diffusivity on the polishing efficiency @
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The corresponding polishing behavior wheg /€ is unity is
shown in Fig. 7a. The polishing efficiency at an etch pit at a micro-
defect site increases with increasifig efr qi/Br e, aj @nd reaches an
asymptotic positive value. It is also shown that the polishing effi-
ciency increases with increasin®y, efrqi/Brefrsi- 1he effect of
£4i/&s; on the polishing efficiency is shown in Fig. 7b. The polish-
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Thus, the intensity of microdefect decoration decreases as the decc

ration proceeds. For an etchant sensitive to increase in the film pgoug
thickness, the local polishing efficiency at the etch pit can become
positive even before the complete dissolution of the copper precipi-
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Figure 9. A schematic representation ¢& microdefect decoration by a
decorating etchantp) a weak microdefect decoration and subsequent ero-
sion by a normal polishing etcharit) microdefect erosion by a microdefect-
polishing etchant.
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where the subscript max denotes the maximum value. The autoin-
hibiting capacity increases with decreasing effective diffusivity,
D; o - Autoinhibition can be described on a graph of local decorat-
ing efficiency vs. pit depth, as shown in Fig. 8a. Autoinhibition
shows an inverse relationship with effective diffusivity. It is clear
that etchants with higher effective mass-transport resistances show
greater tendencies toward autoinhibition. In other words, microde-
fect decoration is very poor when the transport effects are dominant.
Figure 8b shows the effect of the mass transport on autoinhibition on

an hmax Vs Bm,eff,s,i graph.

Theoretical Classification of Etchants

In the following sections, decorating and polishing capacities of
various etchants for precipitate-enhanced microdefects are dis-
cussed. However, this discussion can be extended to native micro-
defects in the absence of impurity precipitation. In this study, all
experiments for microdefect decoration were accomplished using
copper precipitation. Hence, the terms microdefect decoration and
microdefect polishing generally refer to decoration and polishing,
respectively, in the presence of the copper precipitate colonies.

The quantitative analysis of the polishing and the decorating ca-
pacity of an etchant leads to its classification. Within the scope of
this study, an etchant can be classified in four categories: neutral,
decorating, microdefect polishing, and normal polishing. A neutral
etchant shows negligible decorating and polishing efficiencies in the
presence of a precipitate colony. A decorating etchant shows a posi-
tive decorating efficiency in the presence of a precipitate colony. A
microdefect-polishing etchant shows a positive polishing efficiency
at a microdefect site in the presence of a precipitate colony. Micro-
defect decoration is completely inhibited in the presence of a
microdefect-polishing etchant. A normal polishing etchant shows a
positive decorating efficiency at a site in the presence of a precipi-
tate colony and a positive polishing efficiency at the same site upon
dissolution of the colony. This happens because the ratio of kinetic
resistance at the microdefect site to that on the perfect silicon sur-
face B ai/Brefrs) IS greater in the absence of precipitate colo-
nies, than that in the presence of these colonies. Thus, a normal
polishing etchant can decorate microdefects weakly by creating etch
pits in the presence of precipitate colonies, and subsequently, polish
and erase these etch pits after complete dissolution of the colonies.
In a copper precipitated wafer, it is normal to have local variation of
the polishing efficiency of an etchant, positive at the perfect region
away from the copper precipitate colonies, and negative at the mi-
crodefect sites in the presence of the colonies. It is evident that in
the absence of the copper precipitate colonies, both normal polishing
and microdefect polishing etchants decrease surface irregularities
such as surface roughness, whereas, both the neutral and decorating
etchants cannot do so. Figure 9 describes the working models for the
decorating, normal polishing, and microdefect-polishing etchants.

Both microdefect-polishing and normal polishing etchants can be
classified as polishing etchants. A polishing etchant is sensitive to
hydrodynamic conditions in the etching reactor, whereas a decorat-
ing etchant is relatively independent of the hydrodynamic condi-
tions. The transport-film thickness decreases with increasing mixing

Table I. Components of various popular etchants.

Etchant Oxidant Dissolving agent Diluent Classification
MAE? HNO, HF CH;COOH + H,0 Polishing
HF + HNOZ? HNO; HF H,O Polishing
HF + HNO; + H;PQ2 HNO;, HF HsPO, + H,0 Polishing
Seccd K,Cr,0, HF H,0 Decorating
Wright* K,Cr,0; + HNO; + Cu(NG;), HF CH;COOH + H,0 Decorating

aActual concentrations of the components may be different from what is reported in the literature.
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(b) Normalized rotation rate etchant.(b) The polishing effect of various popular etchants.

Figure 11. (a) An experimental assembly to etch silicon at different con-

trolled mixing intensities(b) The dependence of etching rate as a function of etchants include both normal polishing and microdefect-polishing
the reactor mixing intensity for various etchants. etchants.

Microdefect Decoration

A global picture—The total number of etch pits on a decorated
intensity in a mass-transport influenced reattor Thus, etching  silicon wafer is a function of the microdefect density and the total
rate increases with mixing intensity under polishing conditions as aremoval. Figure 10a schematically shows the global mechanism of
result of decreasing mass-transport film thickness. Conversely, etctmicrodefect decoration in the presence of a decorating etchant. The
ing rate does not show a significant change with mixing intensity copper precipitate colonies are of finite dimension. A copper precipi-
under decorating conditions, because the mass-transport film is pra¢ate colony dissolves into the etching mixture by creating a pit,
tically absent. However, note that neutral etchants can also showhich becomes an irregular perfect silicon site upon complete dis-
insensitivity to the hydrodynamic conditions. Only those etchantssolution of the colony. Since the decorating etchant lacks the surface
that are relatively independent of the hydrodynamic conditions andpolishing quality, the pits formed on the surface maintain their iden-
show a difference between the microdefect kinetics and the surfacéty throughout the etching process while interior copper precipitate
kinetics are decorating. Therefore, the etchants that are insensitive toolonies are exposed as new pits. Thus, the apparent surface density
mixing intensity can be defined as potentially decorating at bestof the pits is a function of the true microdefect density and the total
rather than decorating. linear removal by the decorating etchant.

Thus, etchants can be divided into two broader categories, poten- A normal polishing etchant weakly decorates the microdefects by
tially decorating and polishing. The potentially decorating etchantscreating the etch pits and eventually erases them. Thus, microdefect
include both decorating etchants and neutral etchants. The polishindecoration by a normal polishing etchant is sparse and very weak.
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Figure 13. Microdefect related etch pits in a reference wafer after copper

precipitation and surface polishing.

Shallow pits are formed by this etchant at the microdefect sites
exposed at the end of etching. Figure 10b shows weak microdefect
decoration by a normal polishing etchant. The microdefect-polishing
etchant does not allow etch-pit formation, and hence, there is no

defect decoratioitFig. 100.
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Experimental Classification of Etchants

The theoretical analysis proposed in the previous sections was
experimentally verified. A group of decorating and polishing
etchants was chosen. Table | lists the components of the chosen :
etchants. Note that actual concentrations of the components play a b defects: HE+HNO+HsP O,

HF+HNOy

Figure 14. Macrophotos of microdefect decoration by different etchants.
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Figure 15. Microphotos of microdefect decoration by different etchants.

very important role in defining the nature of an etchant. However, it
is not necessary to reveal the actual concentrations of the compo-
nents for our study. According to the theory of etching discussed in
this study, the potentially decorating and polishing etchants show
distinct hydrodynamic responses. The classification of the chosen
etchants into two groups, namely, potentially decorating and polish-
ing, is accomplished by doing two sets of experiments.

First, precipitate-free silicon pieces were etched in a given
etchant in the experimental assembly shown in Fig. 11a. The assem-
bly includes a mechanism that allows the etching of silicon pieces at
different rotation rates. The rotation rate is a reasonable measure of
the mixing intensity in the etching tank. Using this experimental
assembly the etching rates. rotation rate data is collected for all
etchantqFig. 11h. Secco and Wright etchants show a weak depen-
dence on the mixing intensity whereas mixed acid etclisiRE),

HF + HNO;, and HF+ HNO; + H3PO, show a significant in-
crease in etching rates with increasing mixing intensity. At this
stage, it can be concluded that Secco and Wright are potentially
decorating etchants, and MAE, HF HNO;, and HF+ HNO;

+ H3PO, are polishing etchants.

Second, precipitate-free silicon wafers were etched by different
etchants in an etchant bath as shown in Fig. 12a. The same hydro-
dynamic conditions were maintained for all etchants. Change in sur-
face roughness as a function of linear removal was recorded for each
etchant (Fig. 12h. The polishing etchants decrease the surface
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Figure 16. Erosion of the microdefect related etch pits by polishing
etchants: Macrophoto.

Wright — HF+HNO3+H:PO,

. . . . Figure 17. Erosion of the microdefect related etch pits by polishing
roughness with increasing removal, whereas potentially oichants: Microphoto.

decorating etchants do not decrease the surface rougifhess.
This experiment clearly establishes MAE, HFHNO;,

and HF+ HNO; + H;PO, as polishing etchants, and Secco and 4 remove the surface copper precipitate colonies. Surface polishing

Wright as potentially decorating etchants. The data points inside twag accomplished by etching in any polishing etchant, such as MAE.

ellipses in Fig. 12b indicate very high roughness readings beyondsince the copper precipitate colonies exist only on the surface, even
the sensitivity of the roughness gauge used. Nevertheless, in thl&e

h h d d ith | and h normal polishing etchant would erase the surface etch pits formed
g?;&r'nteri r':)éjlgsness oes not decrease with removal, and hence, §\¢ e surface copper precipitate colonies, given sufficient removal.

The surface of a polish-etched MAE wafer is shown in Fig. 13.
Normal Polishing and Potentially Decorating Etchants Since the microdefect patterns in a silicon wafer show azimuthal
symmetry, only halves of any given wafer sample are used for these
Experimental comparisor-Based on the proposed models, experiments. Figure 13 displays a digital image of the wafer visible
MAE, HF + HNO;, and HF+ HNO; + H;PQ, are classified as  to the naked eye, or macrophoto, and an image of the wafer as seen
polishing etchants, and Secco and Wright are potentially decoratinginder a Nomarski microscope or microphoto. It is evident that
etchants. Validity of the model can be verified by comparing the A-defects are practically not decorated at all in the polishing step.
decorating capacity of the aforementioned etchants. The decoratinglowever, a weak decoration of D-defects indicates that MAE acts as
performance of each etchant was experimentally verified by thea normal polishing etchant in the D-defect region. Autoinhibition
standard procedure for microdefect decoration. Different silicon wa-keeps the decoration very poor. The microdefect patterns shown in
fers having similar native microdefect distribution were used for all Fig. 13 form the basis for defining the performance of an etchant as
experiments discussed henceforth. First, silicon wafers were satueither decorating or polishing.
rated with copper at 900°C and then cooled very quickly to room  The wafers subjected to copper precipitation and surface polish-
temperature. The fast cooling allows growth of copper precipitateing were then etched by the different etchants under consideration. A
colonies on the microdefects. During the cool-down, some excessypical result of microdefect decoration is shown in Fig. 14. It is
copper also escapes to the wafer surface and forms tiny surfacevident that Secco and Wright are indeed decorating etchants, and
copper precipitate colonies. This wafer is then cleaned and polisheAE, HF + HNO,, and HF+ HNO; + H3;PO, are at least normal
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Figure 18. A schematic picture ofa) the standard microdefect decoration,
(b) surface roughening in the absence of surface polishing.

polishing etchants. The microphotos of microdefect decorafom
15) further confirm this observation.

The behavior of different etchants under consideration is ‘s - i ity L
consistent with their classification as either potentially decorating ' © o0 $ : AR LT A
or polishing, based on the kinetic and hydrodynamic D defects A defect

responses. In addition, it can also be shown that a normal

polishing etchant erases or at least reduces the depth of the etch pifdgure 19. Effect of the surface copper precipitate colonies on the quality of
created by a previous decoration by a decorating etchant™Microdefect decoration.

The following experiment of three sequential processes tests this

hypothesis o o )
cipitates known as the surface copper precipitate colonies. Forma-

Copper precipitation— Decorating etching— Polishing etching tion of the surface copper precipitate colonies is a function of the
bulk microdefect density. If the bulk microdefect density is high,

The results of this experiment are shown in Fig. 16 and 17. Figuresuﬁicient amount of copper precipitates on the bulk microdefects,

16 displays the macrophotos of a wafer after Secco etching followed€SUlting in @ weak out-diffusion effect. However, when the bulk
by MAE etching. Macrophotos of a wafer after Secco etching ano|m|crodefect density is Iow_er, sufflc_lent copper out-_dlﬁuses to the
subsequent HR- HNO; + H;PO, etching are also shown in Fig. wafer surface and forms high density surface colonies.

16. Similar sequential experiments were conducted with Wright andtheL\J;?igtit:neir?rtlﬂglgll?r?a?;;tgg p'éorporsei? Egénggsgoggﬁ%ui?oondgg
HF + HNO, etchants, and Wright and HF HNO; + HsPO, bper precip Y

etchants. The microphotos shown in Fig. 17 clearly indicate the® function of the bulk-microdefect density can be revealed. For this

O ; . . ~purpose, two experiments involving different sequential processes
reduction in the microdefect r_elated et(_:h-plt depth _py p_ollshlng were conducted
etchants. Hence, the hypothesis underlying the classification of the 0 Copper precipitation Polishing etching— Decoratin
decorating and the polishing etchants based on the kinetic and the Pper precip 9 ¢ 9

hydrodynamic time scales is verified. etchjng o . .
(ii) Copper precipitatior— Decorating etching

Effect of surface copper precipitate coloniesThe proposed Consider a local section of a wafer having low density A-defects. As
phenomenological model can be further verified by studying theexplained before, the standard experiment described by the first set
effect of the copper precipitate colonies on the wafer surface. Asof processes above contains a surface polishing step and, hence,
explained before, during the wafer cool-down after its saturationallows elimination of surface disturbances caused by the surface
with copper at a higher temperature, copper out-diffusion to thecopper precipitate coloniegig. 189. However, in the second ex-
wafer surface takes place in addition to the;Siuprecipitate forma-  periment, such a polishing step is absent. Since the decorating effi-
tion on the microdefects. The out-diffused copper forms tiny pre- ciency in the presence of a copper precipitate is positive for a deco-
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rating etchant, the surface copper precipitate colonies generate etatomplete dissolution of the copper precipitate colonies due to the
pits on the surface. Again, in the absence of a surface polishing stegolishing nature of the etchant in the absence of the copper precipi-
these surface pits move with the moving wafer surface during fur-tates. Under autoinhibition, a site can make a transition from micro-
ther removal. When the bulk microdefect is revealed in the form of defect decorating conditions to neutral conditions even before com-
a pit by the decorating etchant, it finds itself surrounded by manyplete dissolution of copper precipitates. The maximum dynamic
pits created by the surface copper precipitate colotias 18h. etch-pit depth at this transition under autoinhibiting conditions is
In the D-defect region, however, the bulk-microdefect density is given as a function of the microdefect kinetics, the surface kinetics,
quite high. Hence, the effect of the surface copper precipitate coloand the liquid-phase diffusivity.
nies is insignificant. Thus, a comparison between experimental re- The propagation of etch pits is as important as their formation for
sults of the first and the second experiments reveals the presence ah efficient microdefect decoration. Therefore, kinetic effects must
the high density surface copper precipitate colonies only in thebe very dominant over mass-transport effects to achieve an efficient
A-defect region. Figure 19 shows that the second experiment inimicrodefect decoration.
creases the surface density of the pits in the A-defect region, while Potentially decorating and polishing etchants can be classified
the apparent change in the density of etch pits in the D-defect regiorbased on their dependence on the reactor hydrodynamics. The etch-
is quite negligible. These results verify the kinetic and hydrody- ing rates of decorating etchants show a weak dependence on the
namic basis for identifying the polishing and the decorating hydrodynamics in the reactor whereas the etching rates of polishing
etchants. etchants show a strong dependence on the reactor hydrodynamics.
. The surface irregularities are preserved by a decorating etchant
Conclusions whereas a polishing etchant erases surface irregularities.
Chemical etching is widely applied to decorate microdefects in
monocrystalline silicon. Etchants used for defect decoration are Acknowledgments
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etchant. The nature of an etchant, in essence, is given in terms of thgsts of this article.

time scale of the liquid-phase transport of reagents through the con-
centration boundary layer or the mass-transport film and that of the
solid surface kinetics. The mass-transport time scale is quantified inl-
terms of a mass-transport resistance derived from the classical film-3
transport theory and the kinetic time scale is quantified by the effec- 4.
tive kinetic resistance given by the effective surface kinetics.

The decorating etching creates pits at the microdefect sites as &
result of difference between the etching rate of the microdefect site ;’
and that of the surrounding defect-free silicon. The quality of the s.
microdefect decoration improves by precipitation of copper asSCu 9
particles around microdefects, known as a copper precipitate colo%o'

nies. The decorating efficiency of an etchant at the microdefect site;,
defined as the ratio of rate of increase in the microdefect relateds.
etch-pit depth to the maximum possible rate of increase in the pitl4:
depth, can be given as a function of the effective kinetic and mass;
transport resistances at the site and on the perfect silicon surfacgz
The polishing efficiency of an etchant, defined as the ratio of rate ofis.
decrease in the pit depth to the maximum possible rate of decreasé$-
is also given as a function these resistances.

Although the variation of the decorating efficiency as a function
of the ratio of effective mass transport resistance to the effectivez1.
kinetic resistance is complex, generally, the decorating efficiency22-
decreases with an increase in this ratio. The decorating efficiency i
zero when the sum of effective kinetic and effective mass-transporbs,
resistances at the microdefect site is equal to the sum of the effectives.
kinetic and mass-transport resistances on the perfect silicon surface.
The crossover from decorating conditions to polishing conditions28
can occur by increasing the mass-transport effects. 29.

The effective mass-transport resistance is a function of two pa-
rameters, the effective liquid-phase diffusivity of reagents and the30-
mass-transport film thickness. Two limiting cases studied by fixing
one parameter while varying the other reveal two different behav-3;.
iors. Although the asymptotic behaviors of the fixed diffusivity and 32.
the fixed film thickness cases are quite different, generic behavior of3-
the decoration intensity and the crossover criteria remain the sam

In the presence of a weak polishing etchant, when the massszg
transport effects are present but not dominant, microdefect decoras7.
tion can exhibit autoinhibition. Under autoinhibiting conditions,
weak microdefect decoration takes place by the formation of shal8
low etch pits. However, as the etch-pit depth increases, the decoratg.
ing efficiency decreases. The etch pits are eventually erased after
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