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Abstract. This is the second of a series of papers treat-
ing the shallow dopant diffusion and segregation problems
in semiconductor heterostructures. Employing a segregation
mechanism model, which incorporates the chemical effect,
the Fermi-level effect, and the effect of the junction carrier
concentrations, satisfactory fits of available boron distribution
profiles inGexSi1−x/Si heterostructures have been obtained.
Here the chemical effects seem to be of less importance. The
Fermi-level effect determines the ionized boron solubilities
in GexSi1−x and in Si, as well as the thermal equilibrium
concentration of the singly-positively-charged crystal self-
interstitials I+ which governs the boron diffusion process.
The junction carrier concentration affects the concentration
of I+ and solubility ofB in the region and hence controlsB
diffusion across the heterojunction.

PACS: 61.72.Tt; 61.72.Ss; 61.72.Yx

Boron diffusion in GexSi1−x epitaxial layers grown onSi
substrates has recently drawn a wide interest [1–4]. Because
of the higher electron mobilities, p-typeGexSi1−x layers
are envisaged to constitute excellent base regions in high-
performanceSi-based heterojunction bipolar transistors [5,
6]. In these studies [1–4], the epitaxial layers were doped
in situ by B during growth, and subsequently annealed to
investigate theB diffusion behavior. In the studies of Kuo
et al. [1, 2] and Fang et al. [3], distribution ofB is primar-
ily confined inside theGexSi1−x layers. The shapes of these
B profiles are somewhat different from those expected forB
in Si, indicating the existence of a difference in mechanisms
governing the distribution ofB in the two different cases. In
the study of Lever et al. [4],B was introduced to an epitax-
ial Si layer confined between twoGexSi1−x layers and the
diffusedB profiles showed two concentration peaks in these
confiningGexSi1−x layers. These authors have obtained sat-
isfactory fits to theirB diffusion profiles [1–4]. In modeling,
however, formation ofBGe pairs is assumed, which seems
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to be highly speculative. This assumption and the assumedB
diffusion mechanism and diffusivity values used for obtain-
ing the fits raise questions about the validity of the model
employed in the analyses.

We have satisfactorily modeled the p-type dopant distribu-
tion problem in III-V compound superlattice (SL) structures
(see the accompanying article [7]), for which the most out-
standing feature is that the p-type dopantsZn andBe in III-V
SL exhibit a prominent segregation behavior among the SL
layers. In this model, the dopant segregation behavior is at-
tributed to the solubility difference of the ionized shallow
acceptor species in the different layer materials, which is de-
termined by a chemical effect, a Fermi-level effect, and an
effect of the junction carrier concentrations. The latter influ-
ences the junction-region concentration of the acceptors, and
of the triply-positively-charged group III self-interstitialsI 3+

III ,
which governs the diffusion processes of the acceptor species,
and hence also the detailed dopant distribution process.

We expect that a similar model is also applicable to the
case ofB distribution in theGexSi1−x/Si heterostructures.
In the present paper, we report that indeed the available ex-
perimentalB diffusion profiles [1–4] have been satisfactorily
fitted employing just such a model. In the present analysis
there is basically no case-to-case adjustable parameter forB
distribution involvingSi and GexSi1−x layers withx in the
range of0–0.22. For all cases studied presently, basically
the sameB diffusivity value, that given in the literature for
Si [8, 9], has been used.

1 Formulation of the problem

TheB− diffusivity in Si as suggested by Fair and Pappas [8]
and by Fair [9] is

Deff
s = D+(ni)

(
p

ni

)
, (1)
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with

D+(ni)= 13.1 exp

(
−3.7 eV

kBT

)
cm2s−1 , (2)

whereDeff
s is the substitutionalB− atom diffusivity, D+(ni)

is Deff
s under intrinsic conditions,ni is theSi intrinsic carrier

concentration,p is the hole concentration,kB is Boltzmann’s
constant, andT is the absolute temperature. In (1) theB−
atom diffusivity is designated as an effective diffusivityDeff

s
by reason of theB diffusion mechanism which we now dis-
cuss. The form of (1) indicates that a positively-charged point
defect species governsB diffusion. This positively-charged
point defect species should be theSi self-interstitialI+ [10],
andB diffuses via the interstitialcy mechanism according to

Bo
i ⇔ B−s + I+ , (3)

whereB−s is an ionized boron acceptor atom occupying a sub-
stitutionalSi lattice position, andBo

i is a neutral boron atom
occupying the bond-centered interstitial position [11]. In this
interstitialcy mechanism, diffusion of theB−s atoms, which
are themselves immobile, is accomplished by the migration
of Bo

i atoms, for which the rate is high, and the subsequent
change-over of aBo

i to become aB−s and produce anI+ sim-
ultaneously. The thermal equilibrium concentration ofB−s is
large whereas that ofBo

i is small, and hence the measuredB
concentration is simply that ofB−s . The Si vacancy species
also make a small contribution toB−s diffusion [10], which we
ignore in the present analysis.

Details of the Fermi-level effect on the thermal equilib-
rium concentrations of ionized shallow acceptor and on other
charged species have been discussed in the accompanying pa-
per [7]. Accordingly, we have

Ceq
s =

1

g
Ceq

so

(
ni

p

)
exp

(
Ei− Ev

kBT

)
, (4)

whereg is the hole degeneracy factor≈ 4, Ceq
s is the thermal

equilibrium concentration ofB−s , Ceq
so is the thermal equilib-

rium concentration of the neutral boron atoms,Bo
s, which is

a constant,ni is the crystal intrinsic carrier concentration,p is
the hole concentration,Ei is the intrinsic Fermi level,Ev is
the valence band edge energy,kB is Boltzmann’s constant,
andT is the absolute temperature. Here we adopt the conven-
tion that the values ofEi andEv are referenced to the vacuum
level at0 eV. We also have

Ceq
I =Ceq

I (ni)

(
p

ni

)
, (5)

whereCeq
I is the thermal equilibrium concentration ofI+, and

Ceq
I (ni) is the same quantity under intrinsic conditions. The

concentration ofBo
i is a constant in a single material since it

is a neutral species.
Our starting equations describing the diffusion processes

of the three speciesB−s , I+ andBo
i are

Ci

CsCI
= Ceq

i

Ceq
s Ceq

I

= K , (6)

CI =Ceq
I , (7)

∂Ci

∂t
= ∂

∂x

(
Di
∂Ci

∂x
− Ci

Ceq
i

∂Ceq
i

∂x

)
− ∂Cs

∂t
, (8)

whereCi , Cs, andCI are respectively the actual concentra-
tions of Bo

i , B−s , and I+, and Di is the diffusivity of Bo
i .

Equation (6) is obtained according to reaction (3) by assum-
ing dynamic equilibrium holding amongBo

i , B−s , and I+.
Equation (7) is obtained becauseB diffusion is slow and
hence theI+ concentration should not have been perturbed
substantially from that under thermal equilibrium conditions.
Equation (8) is obtained in accordance with reaction (3) using
the diffusion–segregation formulation method [12], with the
term(Ci/C

eq
i )(∂C

eq
i /∂x) on its right-hand side accounting for

the solubility difference ofBo
i in GexSi1−x and inSi. In either

material,Ceq
i is a constant independent ofp sinceBo

i is un-
charged. Using (4) and (5), and noting thatCs+Ci ≈Cs holds
and hence∂(Cs+Ci)/∂t ≈ ∂Cs/∂t also holds, (6)–(8) yield

∂Cs

∂t
= ∂

∂x

[
Deff

s

(
∂Cs

∂x
+ Cs

p

∂p

∂x
− Cs

ni

∂ni

∂x

− 1

kBT

(
∂Ei

∂x
− ∂EV

∂x

)
− Cs

Ceq
so

∂Ceq
so

∂x

)]
, (9)

whereDeff
s is theB−s effective diffusivity given by

Deff
s (ni)= KCeq

I (ni)Di

(
p

ni

)
. (10)

Comparing this with (1), we see that

D+(ni)= KCeq
I (ni)Di . (11)

A generalized hole-transport equation has been derived
for application in III-V compound SL layers, see the accom-
panying article [7]. The treated effects include the hole segre-
gation property in the layers and the junction electric field on
the hole concentrations in the junction regions. This equation
is applicable also to theGexSi1−x/Si type heterostructures.
Accordingly, we have

∂p

∂t
= ∂

∂x

[
Dp
∂p

∂x
− pDp

NV

∂NV

∂x
− pDp

kBT

∂EV

∂x
+ pqDp

kBT

∂φ

∂x

]
,

(12)

whereDp is the hole diffusivity,NV is the valence band ef-
fective density of states,q is the magnitude of the electron
charge (taken to be positive), andφ is the electrostatic po-
tential at the junctions. The potentialφ satisfies Poisson’s
equation

∂2φ

∂x2
= q

ε
[n− p+Ca− −Cd+ −CI ] , (13)

whereε is the layer material dielectric constant,Ca− is the
ionized shallow acceptor density of all species that may be
present, for example,B− andAl−, Cd+ is the ionized donor
density, andCI is the I+ concentration. The quantityCd+
is included in (13) to account for also the possible presence
of donors in the material layers. In the absence of the elec-
tric field, (13) is just the charge neutrality condition. Details
of arriving at (12) have been discussed in the accompanying
paper [7]. Because of the presence of the electrostatic poten-
tial φ, the carrier concentration at the junctions differ from
those in the bulk of the involved material layers. The junc-
tion carrier concentrations influence the dopant distribution
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rate via their influences on theB−s solubility and on the con-
centration ofI+.

2 Analyses of experimental results

To analyze the experimental results ofB−s diffusion in
GexSi1−x/Si structures [1–4], (9), (10), (12), and (13) are
solved numerically using the general-purpose partial different
equation solver ZOMBIE [13]. Among the reported experi-

Fig. 1. ExperimentalB−s distribution data of Lever et al. [4] at850◦C, fitted by the Fermi-level effect model with the effect of the junction carrier
concentration also considered. The sample structural conditions and other experimental conditions are included in the drawing for each case

Material ni Ei EV NV Structure Deff
S (ni)

/cm−3 /eV /eV /cm−3 /cm2s−1

a: Si 3.4 ×1018 −4.62 −5.15 8.2 ×1020

b: Ge0.03Si0.97 3.86×1018 −4.606 −5.1278 8.2×1020

c: Ge0.1Si0.9 5.2 ×1018 −4.574 −5.076 5.72×1020

a/b/a/b/a 2.8×10−16

a/c/a/c/a 1.5×10−16

Table 1. Values of materials constants
used for obtaining fits to the experi-
mental results of Lever et al. [4]. The
values ofEi and EV are referenced to
the vacuum level at0 eV

mental results [1–4], Fang et al. [3] and Lever et al. [4]
have givenB−s diffusion profiles that are suitable for ana-
lyses. We have fitted these availableB−s diffusion profiles.
Kuo et al. [1, 2] reported extractedB−s diffusivity information
but did not give usefulB−s diffusion profiles.

Figure 1 shows the fits of theB−s experimental profiles of
Lever et al. [4] obtained at850◦C for x= 0.03 and 0.1, from
which it is seen that the fits are satisfactory. The materials
constants used in obtaining the fits, including the diffusiv-
ity value of B−s , are listed in Table 1. The other constants



22

include NV, EV, and ni . For Si and Ge, the listed values
are those available from the literature. ForGexSi1−x, ei-
ther available literature values of the appropriate quantity, or
values weighted linearly byx from the Si and Ge values,
have been used. These used values are room-temperature
values, because high-temperature ones are not available, and
there is also some needed basic information lacking for ex-
trapolating them from the room-temperature ones to high
temperature ones.

Fig. 2. ExperimentalB−s distribution data of Fang et al. [3] at850◦C, fitted by the Fermi-level effect model with the effect of the junction carrier
concentration also considered. The sample structural conditions and other experimental conditions are included in the drawing for each case

Material ni Ei EV NV Structure Deff
S (ni)

/cm−3 /eV /eV /cm−3 /cm2s−1

a: Si 3.4 ×1018 −4.62 −5.15 8.2 ×1020

b: Ge0.095Si0.905 5.16×1018 −4.577 −5.069 5.91×1020

c: Ge0.229Si0.901 8 ×1018 −4.5 −4.99 4.98×1020

a 3 ×10−16

a/b/a/b/a 1.9 ×10−16

a/c/a/c/a 1.9–3×10−16

Table 2. Values of materials constants
used for obtaining fits to the experi-
mental results of Fang et al. [3]. The
values ofEi and EV are referenced to
the vacuum level at0 eV

Figure 2 shows the fits of theB−s experimental profiles
of Fang et al. [3] obtained at850◦C for x = 0.095 and
0.225, from which it is seen that the fits are also satisfactory.
The materials constants used in obtaining the fits are listed
in Table 2.

We specifically note that, in obtaining these fits, the ther-
mal equilibrium concentrations of the neutralB atoms in
the GexSi1−x and Si materials,Ceq

so , are taken to be of the
same value.
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3 Discussions

In III-V compound superlattices, the segregation process of
Zn andBeare determined by: (i) a chemical effect on the ther-
mal equilibrium concentrations of the acceptor species in the
neutral state; (ii) in addition to the chemical effect, a Fermi-
level effect on the thermal equilibrium concentrations of the
acceptor species in ionized state; and (iii) the effect of the
junction carrier concentrations, which influences also the dif-
fusion process of the acceptor atoms [7]. Because of the use
of the condition thatCeq

so are taken to be of the same value in
Si and inGexSi1−x alloys, we see that here the chemical effect
is of no importance. Thus,B segregation between theSi and
GexSi1−x materials is due to the two other effects, particularly
that of the Fermi-level dependence of theB−s solubility.

Our present fits to the experimentalB−s diffusion profiles
in theGexSi1−x/Si structure are satisfactory. Based on a fairly
different model, theseB diffusion profiles have also been
satisfactorily fitted by the original authors themselves [3, 4].
Therefore, distinguishing features between the present and
previous models do not include the degree of satisfaction of
the fits. Rather, the distinguishing features are the involved
physical factors. In the present model the role of theB solu-
bility difference in the materials and the carrier concentration
at the heterojunctions are emphasized, while these factors
have been ignored in the previously employed model [1–4].
SinceB−s is an ionized shallow acceptor, and its diffusion is
governed by a charged point defect species, these factors play
an essential roles inB−s distribution, and hence must be in-
cluded in an analytical model. This is a point in favor of the
validity of the present model, since it means that these effects
should also have been included in the model of the previous
authors [1–4]. In contrast, in the previous model, theB diffu-
sion anomalies were attributed to the formation ofBGepairs
via the reaction [1–4]

B+Ge
K←→ BGe. (14)

TheBGepair formation process seems to be just a postulate.
We are not aware that the existence of theBGepairs has been
detected in experiments.

Irrespective of being a daily used p-type dopant inSi, the
exact nature of the physical mechanism ofB diffusion is still
not clear even just inSi and inGe. There is a substantial dif-
ference in the assumedB diffusing mechanisms between the
present and previous model. In contrast to the present model,
B−s diffusivity is assumed to be given by

D= Do+D−(ni)
p

ni
(15)

in the previous model [1–4]. According to (15),B−s diffu-
sion is governed by two point defect species, a neutral one
leading to the termDo, and a singly-positively-charged one
leading to the termD−(p/ni). This is clearly in contrast to
our presently assumedB−s diffusion mechanism as expressed
by (1), for which the governing point defect species is as-
sumed to be just the singly-positively charged self-interstitial
I+. The two different mechanisms, as represented by (1) and
(15), are both arrived at forB−s diffusion in Si based on fits
to experimental results. It is still not clear which is superior.
That is, either one would offer better fits to some profiles, but

usually not by much. Therefore, in principle, the use of either
mechanism should be regarded as valid at the present time.
We have chosen theI+ only model to start with because then
(1) is obtained via a derivation in accordance with the chosen
mechanism, which allows the treatment to be self-consistent.
Presently, (15) is still of an empirical form, i.e., it has not
yet been consistently derived from the chosen mechanism of
involving the contributions of bothI o and I+.

We believe that the strongest factor supporting the valid-
ity of the present model is the situation in III-V compounds,
see the accompanying article [7]. In a number of III-V com-
pound SL structures, the shallow acceptor speciesZn and
Be exhibit a similar distribution anomaly, but with the phe-
nomenon so much more pronounced that it is readily apparent
that the dopants are strongly segregated among the SL layers.
In these layers, the acceptor-atom concentration difference
can be a couple orders of magnitude, but in each layerZn or
Be atoms are nearly totally ionized. Therefore, theZn or Be
segregation behavior cannot be due to clustering or pairing of
the acceptor atoms with the matrix material atoms in some
layers, but rather due to a solubility difference [7]. SinceB
distribution in theGexSi1−x/Si heterostructures andZn or Be
distribution in III-V compound SLs are analogous cases, we
expect the same mechanism to play a role in all these cases.

The B−s diffusivity values used in the previous analyses
raise some concerns. The used values ofDo in (15) by Lever
et al. [4] vary asx is changed, which is in principle accept-
able. But, the used values also vary with the initialB concen-
tration and annealing times, which is unwarranted. Further-
more, according to Kuo et al. [1, 2], the used values of the
quantityD′ = Do+D−(ni), for obtaining the fits in the range
of x values from 0 to 0.22 at850◦C [2] and from 0 to 0.53 at
800◦C [1], decreases as thex value in theGexSi1−x layer is
increased, see Fig. 3. There is no data available for still larger
x values except for pureGeat 800◦C [14], also see Fig. 3.

The situation shown in Fig. 3 has led to the sugges-
tion [15] that, asx increases from 0 to 1, theB−s diffusion

Fig. 3. Effective B−s diffusivity values needed to fit the experimental data.
Those of Kuo et al. are theD′ = D0+ D−(ni) values, and those for the
present work are that given by (10). The dashed line indicates the value ex-
pected from a first order effect of averaging theB−s diffusivity values inSi
and inGe in proportion toGe content in theGexSi1−x material
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mechanism inGexSi1−x changes from that governed by self-
interstitials I to that governed by vacancies V, with V assumed
to be the point defect species governingB−s diffusion in Ge.
While B−s diffusion in Si is known to be governed primar-
ily by I+, it is actually not known which point defect species
governsB− diffusion in Ge. However, judged by this sugges-
tion, theB diffusivity D′ dependence onx [1, 2] would seem
to be unsettling on a quantitative basis. Consider that both I
and V make contributions,B−s diffusivity in GexSi1−x may be
written as

DGeSi= DI
GeSi+DV

GeSi. (16)

On the basis of a first-order effect, let us assume that the
GexSi1−x alloy constitutes an ideal solution. Then, we expect
that DI

GeSi andDV
GeSi are linear combinations of the appropri-

ate I and V contributions toB−s diffusion in Geand inSi, in
proportion to compositionx of theGexSi1−x material. Hence,

DI
GeSi= xDI

Ge+ (1− x)DI
Si , (17a)

DV
GeSi= xDV

Ge+ (1− x)DV
Si . (17b)

However, theB diffusivity in Geand inSi are

DGe= DI
Ge+DV

Ge, (18a)

DSi= DI
Si+DV

Si . (18b)

Using (17) and (18), (16) becomes

DGeSi= xDGe+ (1− x)DSi . (19)

Equation (19) means that, on the basis of a first order effect,
theB diffusivity in GexSi1−x is simply the average of theB−s
diffusivities inGeand inSi weighted byx. With B−s diffusiv-
ities in Ge and inSi known, the value of (19) is the straight
line indicated in Fig. 3. It is seen that theD′ values of Kuo
et al. [1, 2] deviated prominently from that predicted by (19).
While this first-order analysis is not expected to be accurate,
we would nevertheless also expect that the deviation from that
predicted by (19) should not have been so large. This point,

however, cannot be used to judge whether our present model
or the previous model should be favored, since, at850◦C, the
Deff

s (ni) values used in the present model are very close to the
D′ values used in the previous model. TheB−s profiles of Kuo
et al. [1, 2] at800◦C are not available for analysis.

4 Concluding Remarks

The most important physical factors leading to theB−s diffu-
sion anomalies inGexSi1−x/Si structures are the Fermi-level
effect on the solubilities ofB−s in the materials and the carrier
concentration effect at the heterojunctions. Diffusion ofB−s in
Si and inGexSi1−x for smallx values is most likely governed
by the singly-positively-charged self-interstitialI+.
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