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Atomic-scale diffusion mechanisms via intermediate species
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We theoretically investigate the relationship between impurity diffusion profiles and the underlying atomic-
scale diffusion mechanisms that occur via intermediate species in elemental semiconductors. We focus par-
ticularly on diffusion regimes characterized by short versus long diffusion times and low versus high transport
capacities. Based on analytic derivations and numerical simulations, we show that, in the absence of any
external point defect perturbation, there is usually no unique correspondence between a microscopic diffusion
mechanism and a macroscopic impurity diffusion profile. Complementary experiments have to be performed to
gain more conclusive information about the microscopic diffusion mechanisms. Examples of these experiments
are perturbing the point defect concentrations from equilibrium by thermal oxidation and nitridation, particu-
larly in the short-time diffusion regime, and studying the growth or shrinkage of stacking faults and dislocation
loops. Finally, a wide range of impurity diffusion phenomena result from the presence of intermediate species,
and can be analytically derived or numerically computed starting from the same set of diffusion equations.
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I. INTRODUCTION migration of an impurity. First, we present a general formu-
lation of intermediate diffusion. Then, we define short versus

Substitutional impurity atoms in elemental semiconduc-long-time diffusion regimes, and derive analytic solutions for
tors like silicon diffuse by interacting with the native point long diffusion times. We also define low versus high impu-
defects, namely, vacancie®/) and self-interstitials (), rity transport capacity, and present numerical simulations of
present in the lattic&=® In most cases, intermediate speciesin- and out-diffusion in the long-time, high transport capacity
formed as a result of these interactions are responsible for tH#mit. Finally, we conclude with a discussion of short-time
overall macroscopic migra‘[ion of the |mpu|’|ty However' diffusion. We address the fOIIOWing questions about interme-
signs of diffusion via an intermediate species are invisiblediate diffusion.
unless either the diffusion time is short or the concentration (1) What are the different diffusion regimes and the rela-
and diffusivity of the impurity are high. tionship between them?

Recently, the interest in intermediate diffusion has been (2) In which diffusion regimes are the signs of intermedi-
revived for two reasons. First, self-diffusion experiments us-ate diffusion visible in macroscopic impurity profiles?
ing newly available isotopically enriched Si structures (3) When the signs of intermediate diffusion are visible, is
yielded the values of the transport capacities! afnd V.* it possible to determine the atomic-scale diffusion mecha-
Historically, these values have been extracted from diffusioflism(s) from the experimentally measured diffusion profiles?
experiments of metals such as Au, Zn, an&'%]’herefore’ We show that, in most cases, it is impOSSible to derive
a thorough understanding of intermediate diffusion effects ighicroscopic diffusion mechanisms from macroscopic diffu-
necessary in order to compare point defect properties olsion profiles unless complementary experimental information
tained from self- and metal diffusion experimefBecondly, is available. For example, the growth or shrinkage of stack-
recent advances in ultra-low-energy ion-implantation teching faults and dislocation loops has been frequently used in
n0|ogy have made it possib|e to fabricate h|gh Concentra’[ioﬁhe literature to determine whether a partiCUlar diffusion pro-
shallow doping profiles in Si, which are governed by inter-CeSS increases or decreases point defect concentréidfs.
mediate diffusion effects during annealing even at relatively-urthermore, the similarity between the growth kinetics of
low temperatures. Therefore, a fundamental understanding @¥idation induced-type stacking fault$OSH and the kinet-
intermediate diffusion has become crucial for advances ifcs of oxidation enhanced diffusiofOED) has lead to the
semiconductor device fabrication technology. conclusion that thermal oxidation perturbs the point defect

Some cases of intermediate diffusion effects have beefoncentrations by injecting self-interstitials into the sub-
studied previously. The “kink and tail” observed in high Strate, as first suggested by HuAs a result, thermal oxida-
concentration phosphorus diffusion in siliconis a well- tion and nitridation experiments have also been used fre-
known techn0|ogica”y important examp|e_ Other well- quently to obtain information about minOSCOpiC diffusion
studied examples are the fast metal diffusers such as Au, zmechanismé.‘“*”‘”
and Pt in S&°° Furthermore, experimental evidence for the
intermediate diffusion mechanism of boron in silicon has
been obtained at short diffusion tims3.

In this paper, we theoretically study intermediate diffusion
in an elemental semiconductor such as Si. The framework In the following discussion, we assume that impurity dif-
presented here is fairly general, and is applicable to any mdusion occurs only by intermediate species; in other words,
terial where an intermediate species determines the overale ignore any direct substitutional exchange contribution to

Il. GENERAL FORMULATION OF INTERMEDIATE
DIFFUSION
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the overall diffusivity. We also assume that the semiconduc- JC, #C, (ac As) aC A
tor material is under intrinsic carrier conditions; in other —=D——> + -
words, the Fermi level is at its intrinsic value even in the at ax It Jy It/
presence of the impurity. Shifts in the Fermi level cause con- —Kke(C,Cy— CECE 9
centration dependent diffusivity, and introduce electric field S\HIEV = v s
induced diffusion of charged defects, which we ignore in this 5 JC JC
paper. Our conclusions about intrinsic intermediate diffusion 9Cv_ _ °Cy As As
can easily be extended to cases where extrinsic effects are gt ¥ x> at /, at |,
important.
To start with, the interaction between a substitutional im- —ks(C,Cy—C{CH. (10)

purity A and native point defectfl and V) is completely

specified by the following set of reaction equations: In Eqs. (6)~(10), the constantky andky, are the forward

and reverse reaction rates, respectively, of E{3—(4)

| +AgAl (1)  Wherendenotes the number of the reaction equation. In Egs.
(9) and(10), ks is the IV recombination rate constant of Eq.
AseAl+V, (2) (5. Cs andD's are the concentrations and diffusivities, re-
spectively, of the species in their subscripts.
V+AgeAY, (3
Ill. THE DEFINITION OF SHORT-TIME
As= AV, 4 vs LONG-TIME DIFFUSION
| +Ved, (5) In the short-time and long-time diffusion regimes, Egs.

(6)—(10) can be simplified to give analytic solutions. First,
whereAg denotes impurityA in its substitutional form, and we define the generation rate, the recombination rate, and the
Al andAV are the intermediate species whose migration demigration length of the intermediate speci@lsand AV. As-
termines thé andV components oA diffusion, respectively. suming that KO and FT reactions occur in parallel as statis-
For example,Al could be an impurity-interstitial pair, an tically independent eventén other words, the defect con-
interstitial impurity, or a self-interstitial in reaction Eq. centrations are so dilute that there is no interaction between
(5) denotes a substitutional host atom. The first two reactionghem), the generation and recombination rates for the inter-

above represent thecomponent ofA diffusion; Eq.(1) is  mediate speciedl are given, respectively, by
widely known as the kick-outKO) reaction and Eq(2) as

the dissociative or Frank-TurnbulFT) reaction. In general, gai=k1iCit ko and rp=kq +kyCy . (12
both KO and FT reactions could be responsible for the gen-.. . . L
eration and recombination &l. The third and fourth reac- S|m_|larly, the generation and recombination _rates/Wrre-
tions, which we refer to aR3 andR4, respectively, repre- sulting from reactionR3 andR4 are, respectively,
sent theV component ofA diffusion. Equation5), which we
denote by IV, modifies the concentrationslodndV avail-
able for reaction$1)—(4). The mean migration length of the intermediate spediis
If we take into account all of the five reaction equations(X=1 or V) before it recombines to become substitutionfl is
(1)—(5), the diffusion of impurityA as a function of timet
and positionx in one dimension is completely described by _—
the following five coupled partial differential equations Max= VDax/Tax, (13

(PDE'’s) with the appropriate boundary conditions specific toyyhereD 5 is the diffusivity of AX. The forward and reverse

gav=K3iCytkss and ray=Kks+kyCip. (12

the particular problem: reaction rates in Eqg11) and (12) are constants at a given
JC temperature. Similarly, under equilibrium point-defect condi-
As _ _ tions,C, andC,, are also constants. On the other hand, under
.~ (KuCamkyCaCi) + (ko CalCy—ka (Cay) nonequilibrium conditions, wher€, and C,, are perturbed

from their equilibrium values, Eq$11)—(13) become posi-
tion and time dependent sin€ andC,, are position depen-
dent. The generation rate, the recombination rate, and the
) ©6) migration length that occur under nonequilibrium conditions

4' can be expressed in terms of the equilibrium values of the
same quantities as

+ (K3rCav—KkztCaly) + (KgrCavCi —KgtCal)

dChg
it

dCh,
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Cy| 2 Ca(t)=atbexd —(ra+gaptl,
A= )\Z(I]( Ykot 7FT_Ceq) ; (15b) s
v
Jdai
Cy CAl(t):ar_Al_bexli_(rA|+gA|)t]a (19
gav= 92?/( YR3geq T VR4 (16)
v

where a and b are constants to be determined from the
boundary conditions. Equation§l9) show that if (4,
VY &) (173 +ga)t>1, Ag and Al are at steady-statehemical quasi-
R3 "~ /Riceal equilibrium). This would be satisfied for fast reaction rates
and/or long diffusion times. As illustrated by this simple ex-

_ .eq
Fav="rav

c,\ ¥ ample, quasiequilibrium is characterized in generaghyt,
el

Mav=AaY 7R3+7R4C_::,-q , (A7) rat>1.

where yxo and ygg are the fractional contributions of KO IV. ANALYTIC SOLUTIONS FOR LONG-TIME

and FT reactions, respectively, to the formationAdfunder DIFFUSION

equilibrium point defect conditions. From E¢l1), we get
Yro= (KitCPY/ (ks CPH Kz 1) =Ky /(Kyr + Ko CY). Simi-
larly, yrs and yr,4 are the fractional contributions of tHe3
andR4 reactions, respectively, to the formationA¥ under
equilibrium point defect conditions. By definitionyyg P 52C 92C

+yer=1 and ygs+ yra=1. The superscript “eq” denotes — (Cat+Cpi+Cay) =Da—at +Dpy—apr. (20)
equilibrium conditions. The generation rate rati@x/gay Jt ° X X

and the migration length ratiax/N\zk that occurs under Next, we need to write?Cax/dx2, whereX=1 or V, in

nonequilibrium point defect conditions for each of the reacerms of C, . Under equilibrium point-defect conditions
tions(1)—(4) in the absence of the other three are listed in the. _ ~eq e
first and second columns of Table |, respectively. Table I(It.gitl-:-c{h_egs:t'nsd CE/h:aCc\r/wq?a,n\qlYQaelnAsaz'r:a d A_)l(_brrgarcnh (;Sgigqt'):)ns
shows that the generation rate and migration length ratio o ' y satisty Ical quasiequiiibriu It

each possible reaction change in a uniquely different wayOr each of the reaction Eq&l)—(4):

under nonequilibrium conditions.

In the long-time diffusion regime, let us reduce E(®—
(10) to a single PDE for the substitutional impuritys. Add-
ing Egs.(6)—(8), we get

e

The short-time diffusion regime occurs whenpxt<<1, &: & eq:k“_c'q (219
butr ,xt>1; in other words, when the diffusion time is short Cas | Cag ST
compared to the lifetime of the substitutional impurity, but
long compared to the lifetime of the mobile intermediate Ca Cal\® Ky
species(For the impurities we are considering, the concen- C_:(C_) k. CE (21b
tration of the substitutional form is much greater than that of As As ar=v
the intermediate form, which means thiai>g,x, and the
short-time diffusion conditions can be satisfieBhysically, Cav_ [ Cav|® ksC¥
this means that, in the short-time regime, the mean number Ca. | Cal kg (219
of migration events of the intermediate species is much less S S
than 1. In the long-time regime, on the other hand, eq

inh i (ofi Cav_[Cav Kag

gaxt,r axt>1, which is satisfied when Eq€l)—(5) have fast _:(_) = = (210
forward and reverse reaction rates and are at chemical Cas | Cag Kar Ci

quasiequilibrium. On the average, the intermediate species i i
experiences many migration events. From Eqs(21a and(21b), we get a relationship between the

As a simple example, let us consider the transient evoluf€actions rates of KO and FT, from Ed219 and(21d), we

tion of As andAl by the KO mechanism only. For the present 96t & similar relationship for thR3 andR4 reactions:
discussion, assume that all species are position independent,

eq ; ; kisC/%  k ksiCY' kK
and thatC,=C;" at all times. Using Eq(11) under these L I SO b A 22)
assumptions, Eq¢6) and(7) become kir  ky CYF Ksr kg CFY
ICp from which it also follows that
S
——=TaICAI—9aICay
at s kot [k Kar) (K
ey -
I(2r k1f k4r k3f
dCai
aH ~TaiCaI T GaiCag (18) Substituting Egs(21), and assuming that the concentration
of the migrating species is much less than that of the substi-
The solution of Eqs(18) is given by tutional impurity (i.e., Cax<Ca ), Eg. (20) becomes
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TABLE |. The intermediate species generation rate ratiOWhereCXTZCX/C§q. Under equilibrium andV conditions,
Uax/gak. the intermediate species migration length ratio Eq. (28) reduces to Eq(24) with a constant equilibrium
Nax/Ngk, and the effective impurity diffusivity rati® /D that  impurity diffusivity given by Eq.(25). Furthermore, ifl and
occur under nonequilibrium point defect conditions, and for v/ are perturbed from equilibrium in a position-independent

each of the possible atomic-scale diffusion reacti@hs-(4). For manner, Eq(24) with a constant effective impurity diffusiv-
each case, we assume that the other three reactions are negligi IS’ D, such that

The superscript “eq” denotes parameter values under equilibrium
point defect conditions. Note thghx/gak andX ax/A 3% change in

a uniquely different way under nonequilibrium conditions for each % —f &+f Cv (29)
reaction. DSI Alcea’ AVCeEd
Generation rate Migration Diffusivity f describes diffusion. This is the diffusivity ratio that is fre-
ratio length ratio  ratio quently cited and generally used for the analysis of thermal
9ax/grk Max/Nak  Da/DR oxidation and nitridation experiments in silicén?!3 Equa-
(1) 1+ A=Al C/C 1 C,/Cee 1 'Ition (29) shows that it i? _possiple tqﬁdif_ferentiate between r;[he
@) ASAI+Y 1 [CTE, ceyc 1 a_ndV components 0 _ impurity diffusion by perturplng .t e
s o VitV v ;’q point defects at long times, but not between the individual
(3) V+AAV  Cy/CE 1 Cv/Cyt 0 mechanisms that make up these components.
(4 AseAV+HL 1 VCFYC, cryc, o There may be situations where the point defects do not

satisfy Eq.(27), butAg andAX are at steady state. This could
) happen, for example, if IV recombination is much slower
‘7CAS J CAS than reactiong1)—(4), and only one reaction mechanism is
a DAW' (24) dominant for each intermediate species. Under these circum-
_ o S ) stances]) andV cannot interact and Eq27) does not hold
with a constant effective impurity diffusivitp o given by true. However, the steady-state condition still holds true. In
other words,

CAl ed CAV ed
DAE Diq: DAI(:) +DAV a y (25)
S

s Cax=9axCa,/Tax- (30)
where Cax/Ca)®with X=1 or V is a constant. Using Eq.

(25), the X fraction of A diffusion under equilibrium condi-
tions can be defined as

Using Eq.(30), the equivalent of Eq28) is

dChy 9 J
Dax(Cax/Cp)® == | PazzCagls (39
Ax(Cax AS) at X ax s
fax=—pe (26)
A where
If only the KO or FT reaction is dominanf,,=1 andfy
=0; on the other hand, if only th&3 or R4 reaction is B gal(x,t) gav(x,t)
dominant, f5;=0 and f,y=1. This is summarized in the DA(Xrt)=DAIrAI(X,t) AVE VXL (32)

fourth column of Table I.
If the IV recombination reactiofEq. (5)] is also at chemi-  andgay(x,t) andrax(x,t) are given by Eqs(11) and(12).
cal quasiequilibrium, we get In general, Eq(32) cannot be simplified further i€, andCy,
_ ~eqmeq are perturbed from equilibrium in a position-dependent man-
C,Cy=CrCy. (27) ner. However, if the perturbation is such tlatandC,, are
Equation(27) is obviously satisfied under equilibrium point- POSition independent, E§32) simplifies to, using Eq(26),
defect condition<C, = C{9andC,, = C{". When point defects

are perturbed from equilibrium, Eq27) means that the Da . (karCitkr| [ Kir ko CY
product of thel andV concentrations remains constant, al- DS Al ky Ky Cy) | ks C8H Ky ¢
though their individual concentrations may be different from
their equilibrium values. Under these conditions, E24) N karCy+tKar | [ Kar +Ka CFY 23
becomes AV Kar +KkarCr | KarCYH Ky ) 33
9Chag > Cax| The diffusivity ratio in Eq.(33) is a constant. As listed in the
xSy M Ccal third column of Table 1, Eq(33) reduces to a simple expres-
s sion if only one of the reaction Eq$l)—(4) is dominant.
; #*Cpy _ dCy" 9Cag 2Cyt This is obtained by setting the forward and reverse reaction
X | Cyx 2 X Ix +Cag w2 | rates for the other three reactions to zero. Under equilibrium

| andV conditions, Egs(31) and (32) reduce to Eqs(24)
(28 and(25).
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V. THE DEFINITION OF LOW vs D,CE
HIGH TRANSPORT CAPACITY DE\T=W (36)
As

Even whenl andV are not perturbed by external forces,

they may still be at nonequilibrium as a consequence of Eqswhich is a constant. If both KO and FT mechanisms exist,
(1)—(5), provided that the total transport capacity of the im-but R3 andR4 are insignificantin other words Al is the
purity is on the order of or greater than those of the nativeonly intermediate specigsthe effective diffusivity is the
point defects. The transport capacity of tiemechanism sum of Eqgs.(35) and(36). It is worth emphasizing that this
mediated diffusion of impurityA is defined as the product expression is valid only if the other two reactions do not
DaxCak where Ca%=(Cax/Cn )e"CA It follows that the contribute to diffusion, the transport capacity of the impurity
maximum value that this transport capacity can have ids high, and KO and FT reactions are at quasiequilibrium.
D axCS%%° whereC8%%°E (Cay/Ca )eocso" andCs"' is the ~ With these assumption€a_ ~CS°', so Egs.(35 and (36)

solubility of impurity A in the host lattice. The total transport describe the profiles z_after very long diffusion times when
capacity ofA defined as the sufiy_, yDaxC5% . Although there is not rnuch net impurity motion .takrng placg. On the
the total transport capacity ok is a function ofCAS, the  other hand, if only thek3 andR4 reactions determine im-
transport capacities dfandV, D,C% and D, CS, respec- purity diffusion (in other words AV is the only intermediate

tively, are constants at a given temperature. Thus, transporf) eciel
effects can begin to dominate the shape of impurity profiles sol
at high concentrations. b D\CyCA s D,C* 3

When Zy_; yDaxCak<D,C/% D\CY', Egs. (24) and AT ci CSO' ’ (37)
(25 describe the diffusion of the impurity for long-times, S
and intermediate diffusion effects are invisible. In this low and the vacancy term is concentration dependent_ If Bbth
transport capacity limit, it is impossible to distinguish be- and AV intermediate species are responsible for diffusion,
tween the KO, FTR3, andR4 reactions, since all of them simple expressions similar to Eq®5)—(37) cannot be ob-
reduce to Eqs(24) and(25). tained.

When the total impurity transport capacity is on the order  As seen in Eqs(35)—(37), the transport capacities of
of or greater tharD,Cf*andD,Cy’, on the other handC,  andV, which can be determined by studying the interstitial
and Cy are perturbed from equilibrium even in the absenceand vacancy components of self-diffusibplay an impor-
of any external perturbing forces. In this high transport catant role in the diffusion of impurities with high transport
pacity limit, Egs.(28) and(31) describe the diffusion of the capacities. The study of self-diffusion in a host lattice is
impurity at long times, and the presence of intermediate difclosely tied to the study of impurity diffusion.
fusion is evident from the shape of the diffusion profile. In
contrast, a direct exchange mechanism would still be de-
scribed by Eqs(24) and(25) even if the impurity has a high
transport capacity, since there is no interaction with the na-
tive point defects. If KO is the only dominant diffusion In this section, we study the relationship between micro-
mechanism, and we are in the very high transport capacitgcopic diffusion mechanisms and macroscopic impurity dif-
limit such that =yx_;yDaxCak>D,C}% DyCy' and fusion profiles in the long-time, high transport capacity re-

VI. NUMERICAL SIMULATION OF LONG-TIME,
HIGH TRANSPORT CAPACITY DIFFUSION

Cal(x,t)=C8%° Eq. (9) becomes gime by performing in- and out-diffusion simulations using
ALAMODE,** a numerical partial differential equation solver
JC 2C. 9Ch optimized for diffusion problems. In these simulations, we
I | ! S (34)  meet the long-time diffusion criteria by assigning E¢B—
Jt Jx at (5) fast forward and reverse reaction rates.

_ _ S We have solved subsets of reaction E@-—(10) numeri-
Assuming chemical quasiequilibriufiq. (21a], we getC,  cally subject to in- and out-diffusion initial and boundary
=CJCR/Ch, Substituting this expression f@, into Eq.  conditions. In particular, the in-diffusion boundary condi-

(34), and usingCing"CS‘;’, we arrive at an expression tions we have used are
having the form of Eq(31) with

Ci(x=01)=C,(x=11)=C®, (383
D,CFCR) .
DRO(x,t) = ———. (35) Cu(x=01)=Cy(x=11t)=Cy", (38b)
CAS(x,t)
Cax(x=01)=Cpax(x=11)=C5%* 380
This is the frequently cited inverse-concentration-squared ax )=Caxl )= Cax (389
dependent diffusivity:>® We can see from Eq35) that the o B
diffusion coefficient of the impurity is determined by the Ca (X_O’t)_CAs(X_l’t)
transport capacity of self-interstitials. Using a similar argu- sl
ment, if FT is the only dominant mechanism, we get Cagdl—exd —(gatgavtly, (380
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wherex is the normalized depthjs time, and other variables 102 { :
have been defined previously. Equati@&3d) is obtained by (a) in-diffusion via KO
solving Eq.(6) atx=0 and 1. Furthermore, we have used the
following initial conditions for in-diffusion:

CAS(x,t=0):c;°S'>< 10710

I Concentration (normalized)
)

Cax(X,t=0)=C8%% 107 1°, (39a
C/(x,t=0)=C®
Cy(x,t=0)=C. (39b)

The out-diffusion initial and boundary conditions 6§ and
Cy are the same as those for in-diffusion. For the impurity
concentrations during out-diffusion, we have used

Ca(x=01)=Ca(x=11)=C2x10"% (409

Ag Concentration (normalized)

Cax(x=01)=Cpax(x=11)=C5%*% 1074,  (40b

Ca(x,t=0)= CSO| and Cpay(x,t=0)= Ceqsol 0.0 0.2 04 0.6 0.8 1.0
A\t AX . Depth (normalized)

(400)

Using these initial and boundary conditions, first, let us (b) out-diffusion via KO
consider the diffusion mechanisms Vv, which correspond

to thel component of impurity diffusiori.e., fo;=1). Fig-
ures 1a) and Ib) show the time evolution of in- and out-
diffusion profiles, respectively, of impurith when KO[Eg.

(1)] is the only dominant diffusion mechanism. All other
reactions, including IV recombination, are assumed to be
negligible. During in-diffusion, the center of the sample ini-
tially has no impurity, and Eq(l) is driven in the reverse
direction, creating excedsabove equilibrium. On the other
hand, during out-diffusion, the center of the sample is satu-
rated with the impurity to begin with, and E() is driven in

the forward direction, depletingfrom the center. Sinckand

V do not interactV remains at equilibrium at all times re-
gardless of what happens toAs a consequence, the impu-
rity diffusion profile is sensitive t®,C9, but not toD,C{?,
during both in- and out-diffusion.

Figures Za) and Zb) show the time evolution of in-and
out-diffusion profiles, respectively, when FEq. (2)] is the
only dominant diffusion mechanism. As in Figs(al and
1(b), no interaction betweehandV exists. During in diffu-
sion, Eq.(2) is driven in the reverse direction, depletiNg , ‘ ‘ ‘
On the other hand, during out diffusion E@) is driven in 0.0 0.2 0.4 0.6 0.8 1.0
the forward direction, creating exce¥s Sincel andV do Depth (normalized)
not interact,l remains at equilibrium at all times, and, as a
Consequence the 'mgu”ty diffusion profile is sensitive toc, . normalized to its solubility(bottom and the self-interstitial
DyCy', but not toD,C - . concentrationC| normalized to its equilibrium valuéop) in the

Let US now ConSIder the diffusion mechanisms We,  host lattice as a function of normalized depth in a hypothetical
which correspond to th® component of impurity diffusion  sample(a) In-diffusion and(b) out-diffusion profiles resulting from
(i.e.,fo;=0). If R3 is the only dominant mechanism, there is the KO mechanism alone. The curves are labeled by numbers in the
V supersaturation during in-diffusion anlundersaturation order of increasing diffusion time. The normalizécconcentration,
during out-diffusion, and the impurity profile is sensitive which is not shown, is equal to unity.

I Concentration (normalized)
=

—
]
T
T

— —
o [e]
(] s
T
(¥8)

H
<

Ag Concentration (normalized)

FIG. 1. The concentration of impurith in substitutional sites
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V Concentration (normalized)

(a) in-diffusion via FT

Ag Concentration (normalized)

0.0 02 04 0.6 0.8 10
Depth (normalized)

10° : :
(b) out-diffusion via FT

V Concentration (normalized)
S

£
S0t} 3
e (/s
£10° 3
=]
k=
£ 102
=]
8
[=]
S .nl
S10
[
~t
0.0 02 04 0.6 0.8 1.0

Depth (normalized)

FIG. 2. Ca  normalized to its solubilitybottom and the va-
cancy concentratio@,, normalized to its equilibrium valugop) in

PHYSICAL REVIEW B65 134303

only to D\,C{". If R4 is the only dominant reaction, on the
other hand] undersaturation during in-diffusion ahduper-
saturation during out-diffusion results, and the impurity pro-
file is sensitive only toD,C/% In the special case
DAV(CAV/CAS) #9=Dai(Cal /CAS) “ (CAV/CAS) &
=(CA,/CAS)eq, D,C/%=D,Cy{, andC/%=C{, R3 and KO
and FT andR4 reactions produce identical impurity profiles.
In others words, replacingl by AV, | by V, andV by I,
diffusion profiles viaAl andAV are completely symmetric in
this special case. The fact that KO aR@ are equivalent
under these circumstances has already been pointed out by
Shaw®®

In- and out-diffusion simulations in Figs(& and 3b),
respectively, show that KO-IV, FT-IV, KO-FT, and
KO-FT-IV reaction combinations give identical diffusion
profiles for given values o Z‘:, Dai(Cai/Ca)®% D,C,
D,C{", (Cal/Ca)% CPY, andCy". In Figs. 3a) and 3b),
we have assumed that all the reactions present in each case
have fast forward and reverse reaction raiesg-time re-
gime) so that they are at chemical quasiequilibrijiffgs.
(219, (21b), and (27)]. Under these conditions, ER7) is
satisfied at all positions, and théprofile is always the mir-
ror image of thel profile on a log scale. As a result, the
impurity diffusion profile is sensitive to botd,C? and
D,Cy. Based on Figs. (@) and 3b), we conclude that it is
impossible to distinguish between the KO and FT mecha-
nismsin the presence of IV recombination at long diffusion
times This has already been pointed out by Fralal?> We
can see this conclusion from Table | as follows. If in-
diffusion occurs by the KO reaction, the generation ratalof
increases, but its migration length stays the same; on the
other hand, if it occurs by the FT reaction, the generation rate
of Al stays the same, but its migration length increases. At
long diffusion times, the overall diffusivity, which is propor-
tional to ga\4,, is the same for both reactions if E(7)
holds. Although what takes place microscopically is quite
different in the case of KO or FT, the net macroscopic effect
on diffusion is identical.

Another point to note is that the in-diffusion profiles gen-
erated by KO-V, FT-IV, KO-FT, or KO-FT-IV reaction
combinationgFig. 3(@)] resemble closely those generated by
the KO reaction along~ig. 1(a)], but are quite different from
those generated by the FT reaction alpRiy. 2(a)]. This is
a consequence of the fact that theupersaturation required
for Ag and Al to reach steady-state is much less than the
requiredV undersaturatiojcompare Figs. (B) and Za)].
Once Ag and Al reach equilibrium at an supersaturation
similar in magnitude to that of the KO reaction alone, there
is no driving force to deplet& further. The out-diffusion
profiles generated by KO-IV, FT-IV, KO-FT, or KO-FT-IV
reaction combinations, on the other hand, resemble closely

the host lattice as a function of normalized depth in a hypotheticafhose generated by the FT reaction alffig. 2b)], but are
sample (@) In-diffusion and(b) out-diffusion profiles resulting from quite different from those generated by the KO reaction
the FT mechanism alone. The curves are labeled by numbers in tione[Fig. 1(b)]. This is a consequence of the fact that the

order of increasing diffusion time. The normalizedoncentration,
which is not shown, is equal to unity.

supersaturation required féig andAl to reach steady state is
much less than the requirédundersaturation.
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FIG. 4. The effect of the fraction of self-diffusionfg;, on the
-.:' . diffusion of impurity A when thel fraction of A diffusion f,, is
zero. (a) In-diffusion and(b) out-diffusion profiles resulting from
i g R3-1V, R4-1V, R3-R4, or R3-R4-1V reaction combinations.

These profiles are indistinguishable and appear as a single solid line
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for each time snapshot. The curves are labeled by numbers in the
order of increasing diffusion time.

In- and out-diffusion simulations under conditions similar
to those in Figs. @& and 3b) show thatR3-1V, R4-IV,
R3-R4, andR3-R4-1V reaction combinations, which occur
via the intermediate speciedV, give identical profiles for
given values ofCZ"S', Dav(Cav/Ca)® DICf, D\CY,

(Cav/Ca)® C7Y, andC{Y. Based on this, we conclude that

it is impossible to distinguish between reactidk® andR4
in the presence of IV recombination at long diffusion times.
Figures 4a) and 4b) show time series of in- and out-

diffusion profiles, respectively, occurring IR3-1V, R4-1V,
R3-R4, or R3-R4-1V reactions. As mentioned above, all of
ized depth in a hypothetical sampl@ In-diffusion and(b) out-  .NES€ reaction combinations result in the same impurity pro-
diffusion profiles resuling from KO-V, FT-IV, KO-FT, or file. _The_ effect of the _fr_act|on of self-diffusionfg;, on the
KO-FT-IV reaction combinations. These profiles are indis’[inguish-pmf',IeS is shown eXpI',C'tly' o

able and appear as a single solid line for each time snapshot. The Finally, let us consider the situation when bdtland V
curves are labeled by numbers in the order of increasing diffusiofomponents of impurity diffusion exist.e., 0<f,<1). In
time. The normalized concentration is always the mirror image of Particular, let us consider the following 14 subsets of reac-
the normalized concentration, and vice versa. For comparison, thetion Egs. (1)—(5): KO-FT-R3-R4-1V, KO-FT-R3-1V,
KO-only profiles for in-diffusion[Fig. 1(a)], and FT-only profles KO-FT-R4-1V, KO-R3-R4-1V, FT-R3-R4-1V,

for out-diffusion[Fig. 2(b)] are shown as symbols. KO-FT-R3-R4, KO-R3-1V, KO-R4-1V, FT-R3-1V,

FIG. 3. CAs normalized to its solubilitybottom), andC, or C,,
normalized to its equilibrium valuéop) as a function of normal-
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FT-R4-1V, KO-FT-R3, KO-FT-R4, KO-R3-R4, and ‘ - :
FT-R3-R4. If all of the reactions present in each case are (a) in-diffusion
individually at quasi-equilibrium, it is not possible to distin-
guish between these 14 reaction combinations for given val-
ues of the simulation parameters afii. Furthermore, if

fao>0.5, there is always ahsupersaturation and under-

saturation for in-diffusion, and vice versa for out-diffusion.

The opposite is true if,;<0.5. If f5,;=0.5, bothl andV are

at equilibrium, because perturbations in opposite directions
exactly cancel out. In this special case, we go back to equi-
librium diffusion described by Eq$24) and(25). The effects
of intermediate diffusion viaAl and AV exactly cancel each

other out. Figures®) and 3b) illustrate the effect of 5, on

in- and out-diffusion, respectively. As we have mentioned
previously, theV profile in each case is the mirror image of
thel profile, and vice versa. In Figs(& and Eb) we have

taken CAV/CA )eq (CAI/CA )eq D Ceq_ VC y andCFq

V! for symmetry. In this spemal case, the impurity pro-
flles forf,,=0.25 and 0.75, antl,,;=0 and 1 are equivalent.
From Figs. 4 and 5, we see that bdthy andfg; affect the
diffusion profiles, once again illustrating that self-diffusion is

closely tied to impurity diffusion in a lattice.
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We have seen that although a single microscopic diffusion 000z 04 06 08 L0

mechanism directly interacts with only one point defect, the
interaction between self-interstitials and vacancies causes an 10° ; , :
ambiguity on the macroscopic scale. Indeed, using reason- (b) out-diffusion
able diffusion parameters, macroscopic experimental diffu-
sion data can be fit more than a uniqgue combination of mi-
croscopic diffusion mechanism&As we have pointed out in

the introduction, the only way of determining microscopic
diffusion mechanisms is by obtaining additional experimen-
tal information such as the growth or shrinkage of stacking
faults and dislocation loops of a certain type. As an example,
Marioton et al. have previously shown that enhanced and
retarded diffusion phenomena in silicon can be explained
based only on the FT anB3 reactions.” They have also
shown, however, that these two reactions alone cannot quan-

titatively explain the growth of oxidation inducelbitype

stacking faults. As a result, they have concluded that reac-

tions involving | must also be present.

VIl. SHORT-TIME DIFFUSION

The generation ratg,x and migration length\ oy of the

intermediate speciedX can be extracted independently from
experimental diffusion profiles in the short-time diffusion re-
gime if there is only one intermediate species present. Let us 107
first consider the short-time diffusion regime in the low im-

Depth (normalized)

101} 1

0.75
! 03

0.25

-1
107 ¢+ 0

V Concentration (normalized)

104 - 01
0.25,0.75
0.5

103 |

Ag Concentration (normalized)

2

0.0 02 04 06 08 1.0
Depth (normalized)

purity transport capacity limit. As we have seen before, this

is characterized mathematically byaxt<<1, raxt>1, C,

FIG. 5. Ca normalized to its solubilitybottom, andC, or Cy

=CY, andC,=Cy’. Under these conditions, the solution of normalized to its equilibrium valuéop) as a function of normal-
Egs.(6)-(8) SUbJeCt to the in-diffusion initial and boundary jzed depth in a hypothetical sampl@) In-diffusion and (b) out-

conditions[Egs.(38) and (39)] is given by

Cax,1)= CZZ'[QAlt exp(—X/Aa1) + gavt X=X/ ay) ].
(41)

Equation(41) can be obtained by writing Eq$6)—(8) in
terms of the generation rates, and g,y and migration

diffusion profiles when there is both dnand V component of
impurity diffusion(i.e., 0<f,,<1). Each line is labeled by its value
of f5,. The profiles obtained for the possible reaction combinations
listed in the text that give a particular valuefgf; are indistinguish-
able and appear as a single line. The normalMembncentration is
the mirror image of the normalizddconcentration, and vice versa.
Note that wherf,,=0.5, C, andC,, are exactly at equilibrium.
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FIG. 6. In-diffusion profiles ofA normalized to the solubility as FIG. 7. In-diffusion simulations of impuritys via both Al and
a function of normalized depth in a hypothetical sample showingAV for t=500s, which corresponds tgat=0.05 and gayt
the ('jifferen_t diffusion regimes. Only one intermediate _spe@ibs =0.01. The simulation parameters are given in the text. The indi-
mediates O!'ﬁ”S'O,”' and the curves a.re Ia.beled by their values C\‘;idual exponential components Af andAV as well as their sum is
gA't' _The_S|muIa_t|on parameters are given in the text. The EXPONeNshown. In this particular case, the sum is no longer an exponential.
tial diffusion regime occurs fog,t=0.01, 0.05, and 0.1.
we geth ;=10 u, and from they intercept, we gega =1
x10 * s 1. These are precisely the values we used in the
simulations.

Figure 7 shows an in-diffusion simulation of impurigy
via both Al and AV in the low transport capacity limit, and
under equilibrium point-defect conditions fo=500 s. Also
shown are the individual componemtsandAV for the same

Biffusion time. We have used,=1x10 % s %, ga,=0.2

lengths\ 5, and \ 5y defined previously in Eqe11)—(13).
Extending the derivation of Lever and Moreh&atb the
case of two intermediate species, we arrive at @4). If
only one intermediate species is preségither Al or AV),
then Eq.(41) simplifies to a pure exponential with its slope
yielding the migration length, and itsintercept the genera-
tion rate of the intermediate species. When there is no exte
nal perturbation of the point defects, and the impurity has 1045t ra=0.15"% ryy=002s% Ay=10p, and

low transport capacitga =gai, Aar=Mal, 9av=0av, and ) _ o0, "This corresponds t6,, = 0.56. The presence of
Nav=ARV. Under these conditions, it is impossible to dis- o migrating species is easily identifiable from the shape of
tinguish between the KO, FR3, R4, KO-FT, andR3-R4  the diffusion profile, but the KO-FT an&3-R4 reaction

reaction combinations in the short-time regime, since all ofajrs cannot be distinguished unless the generation rates and
them result in an exponential profile. However, the presencegjgration lengths folAl and AV are known.

of two intermediate specieAl and AV) can be identified If C, andCy are perturbed from their equilibrium values
even under equilibrium conditions as longAsandAVhave iy g position-independent manner, such as near the surface
different generation rates and migration lengths. In this casyyring oxidation and nitridation of Si, the first two columns
the impurity profile is no longer a single exponential, but theyt Taple | show that the generation rate and migration length
sum of two exponentials with different slopes ayndnter-  t5r each of the possible reactiord)—(4) change in a
cepts. Nevertheless, it is impossible to distinguish betweegmiqudy different way, but still remain independent of time
the Qiﬁerent r_eaction combinations which lead to two inter-5nq position. This means that Eg) still applies withg,, ,
mediate species. e . . . gavs Mai, and Ay given by Egs.(14), (16), (15b), and

_ Figure 6 shovys an |n-('1|ffu.3|on simulation of Impurily  (17h), respectively. In other words, the generation rate, the
via the intermediate specigd in the low transport capacity igration length, and as a result, the diffusion profile depend
limit, and under equilibrium point-defect conditions. For this 5, the values ofyko, Yer, Yrs, and yrs. Therefore, by
particular f|mulat|on, we have chosgp=1x10"*s™",  comparing equilibrium and perturbed diffusion profiles, it
rai=0.1s", andA, =10u. Figure 6 shows that at very- may he possible to identify the underlying atomic-scale dif-
short diffusion times such thaat, rt<1, the diffusion  fsion mechanisms. Figure 8 shows an in-diffusion simula-
profiles are complementary error functi¢erfo)-like, as ex-  tion of impurity A when C,=4C® and C,=C¢? with the
plained in Ref. 18. At short times such thakt<1, but  game equilibrium generation rates and migration lengths as
rait>1, the diffusion profiles are exponential as given by the;, Fig. 7. We present profiles &t 500 s for KO, FTR3, R4,
Al term in Eq.(41). Note also that the boundary condition x5_FT with Yko=0.3, andR3-R4 with ygs=0.6. For the
implied by Eq.(41), i.e., CAS(XZOI):Cizl(gAl“LgAV)t IS KO-FT reaction combinations, thg-intercept changes,
exactly the same as that given in E§8d) in the short-time  whereas for theR3-R4 reaction combinations, the slope
limit gaxt<<1. For longer times such thaft, rot>1, the  changes.
diffusion profiles are described by the solution of E@) Cowernet al. have experimentally measured boron diffu-
and(25) as illustrated by the,,t=10 curve in Fig. 6. Fur- sion in silicon in the short-time regime and extracted values
thermore, from the slope of thg, t=0.05 profile in Fig. 6, for g, and X, using delta-doped layers grown by MEE.
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FIG. 8. In-dlffu_smn simulations of impurits when the p(.).mt. FIG. 9. In-diffusion simulation of impurityA via only the KO
defect concentrations are externally perturbed from equnlbrlumreaction LUSing the same parameters as in Fida. 6. except for a six
such thatC,=4C}? and C, = C{]. Diffusion profiles are shown at 9 P 9- 5 P

. eq i ) S
t=500s, and the equilibrium simulation parameters of Fig. 7 areﬁ.rders of magnltude_smalle_mcl - This puts th_e Impurity |n_the

P : ) igh transport capacity regime, and as a resTiltis perturbed in a
used. Diffusion via FT(curve 1), KO (curve 3, and KO-FT with i, . .

- . . position-dependent manner close to the surface. This perturbation
vko= 0.3 (curve 2 are shown as solid lines. Changing the value of e , . )

; causes the diffusion profiles to deviate from the exponential form

vko Moves they-intercept of curve 2 between curves 1 and 3, bUtobserved in Fia. 6. The curves are labeled by their valu i
does not change its slope. Diffusion B8 (curve 6, R4 (curve 9, 9. ©. y Gl
andR3-R4 with ygs=0.6 (curve 5, on the other hand, are shown
as symbols. Changing the value gf;, moves the slope of curve 5 and migration lengths are no longer constants, and @ds.
between those of curves 4 and 6, but does not changg itier-  and(42) are no longer valid. Figure 9 shows an in-diffusion
cept. If bothAl and AV intermediate species are present, the diffu- simulation of impurityA via only the KO reaction with the
sion profile is obtained by adding the solid line with the appropriatesame parameters as in Fig. 6, except with a six orders of
Yko and the symbols with the appropriajg; . magnitude smalleb,C}9. Figure 9 shows that thieconcen-

) ) o _ _ ) ~ tration is perturbed in a position-dependent manner close to
Extending their derivatioff for a single intermediate species the surface due to the high transport capacity of the impurity.
to the case of two intermediate species, we find that ths a result, the diffusion profiles deviate from the exponen-
diffusion of an initial &-function impurity profile can be de- tja| form given by Eq.(41). This simple example illustrates

scribed by, to first order igaxt, that the determination of microscopic diffusion mechanisms
Ont becomes more complicated in the high transport capacity
Al limit.
Ca(x,t)=[1— + t]o(X)+ —— . . .
AS( )= (gat gavit]ox) 2\ For long diffusion timeggp,t, rat>1, only the average

1 impurity diffusivity can be extracted, and separate identifica-

X exp(— | X|/hpp) + g&exp(— X7\ av).- tion of gax and A ax becomes impossible. The relationship
2\ between the effective impurity diffusiviti », the mean mi-
(42 gration length\ o« , and the generation ratg y is obtained if

we use Eq(13) in Eq. (32 to get
In other words, during the diffusion of an initi@function

profile, exponential tails with characteristic lengthx ap- ) )
pear on both sides, and the magnitude of these tails increases Da=0gaiMai T 9avA av- (43
with time proportional togax/\ax. Equation(42) assumes,

as in Eq.(41), that gax and Aax are constants. In other |, Eq. (43), gax and\ ax become constants @, andC,, are

words, Eq.(42) is valid either wherl andV are at equilib- position-independent, in which case E§3) can be rewrit-
rium, or when they are perturbed in a position-independenfe, 55

manner. Extracting,x andX 5x under equilibrium and ther-
mal oxidation conditions, Cowergt al. have determined ex-

perimentally that boron in Si diffuses predominantly by a Da ANz, Javhay
kick-out mechanism.A similar procedure could identify the Fﬁfm eq\eq 2 T AV eq yeq o (44)
A Iai(Map) gav(Aay)

diffusion mechanisms of other impurities given that their mi-
gration lengths are long enough to be experimentally ob-
served. As Fig. 8 shows, this identification could be muchEquation(44) shows that if the diffusivity ratidD /Dy’ is
harder if there are multiple intermediate species and mechaneasured in an experiment where the diffusion time is long,
nisms present. the microscopic information contained separatelgjr and

So far, we have only dealt with the low transport capacityA ax is lost; it is only the produchxAix which can be
limit. In the high transport capacity limit, the generation ratesdetermined.
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VIll. CONCLUSIONS controlled way by thermal oxidation and nitridation of Si. In

In conclusion, we have made explicit the connections beEhe long-time diffusion regime, this makes it possible to dif-

tween short versus long-time diffusion, low versus high im_ferenhate between theand V' components of impurity dif-

. . S . fusion, but not between the individual mechanisms that make
purity transport capacity, equilibrium versus perturbed point

up these components. In the short-time regime, this pertur-

defect concentrations, and impurity versus self-d|ffu5|o_n. Weoation makes it possible to extract the changes in the genera-
have emphasized that all these phenomena are special cases

S I ) : .~ “fion rate and migration length of the intermediate species
of diffusion via intermediate species, and can all be derive : . . .
. S : . independently, and determine the dominant atomic-scale dif-
starting from the same set of partial differential equations. . . ,
fusion mechanisms. However, this method may not unam-

Furthermore, using analytic and numerical analysis, we_. . . .
have shown clearly that in the absence of external poinﬁalguously reveal the underlying mechanisms if the exponen

defect perturbation, there is usually no unique correspont-Ial diffusion profiles are obscured by the high transport

dence between a microscopic diffusion mechanism and capacity of the impurity or the existence of multiple interme-

o . ! Hiate species.
macroscopic impurity profile. As a result, complementary ex-

perimental information, such as the growth or shrinkage of
stacking faults and dislocation loops of a given type need to
be used to arrive at reliable conclusions. In addition, point This work was funded by the Semiconductor Research
defect concentrations can be perturbed from equilibrium in &orporation.
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