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Abstract. This is the second of a series of papers treatto be highly speculative. This assumption and the assiBned
ing the shallow dopant diffusion and segregation problemsliffusion mechanism and diffusivity values used for obtain-
in semiconductor heterostructures. Employing a segregatidng the fits raise questions about the validity of the model
mechanism model, which incorporates the chemical effecemployed in the analyses.

the Fermi-level effect, and the effect of the junction carrier We have satisfactorily modeled the p-type dopant distribu-
concentrations, satisfactory fits of available boron distributiortion problem in I11-V compound superlattice (SL) structures
profiles inGeSi;_«/Si heterostructures have been obtained(see the accompanying article [7]), for which the most out-
Here the chemical effects seem to be of less importance. Tigtanding feature is that the p-type dopatitsandBein I11-V
Fermi-level effect determines the ionized boron solubilitiesSL exhibit a prominent segregation behavior among the SL
in GgSip_x and in Si, as well as the thermal equilibrium layers. In this model, the dopant segregation behavior is at-
concentration of the singly-positively-charged crystal selftributed to the solubility difference of the ionized shallow
interstitials I = which governs the boron diffusion process. acceptor species in the different layer materials, which is de-
The junction carrier concentration affects the concentratiotermined by a chemical effect, a Fermi-level effect, and an
of I* and solubility ofB in the region and hence contrdds  effect of the junction carrier concentrations. The latter influ-

diffusion across the heterojunction. ences the junction-region concentration of the acceptors, and
of the triply-positively-charged group llI self—interstitidlﬁr,
PACS: 61.72.Tt; 61.72.Ss; 61.72.YX which governs the diffusion processes of the acceptor species,

and hence also the detailed dopant distribution process.

e ) L . We expect that a similar model is also applicable to the
Boron diffusion inGeSiyx epitaxial layers grown orSi  case ofB distribution in theGeSi;_/Si heterostructures.
substrates has recently drawn a wide interest [1-4]. Becaus$g the present paper, we report that indeed the available ex-
of the higher electron mobilities, p-typ@e Sy« layers  perimentaB diffusion profiles [1—4] have been satisfactorily
are enwsageq to constitute _exce_llent _base regions in highitted employing just such a model. In the present analysis
performanceSi-based heterojunction bipolar transistors [5,there is basically no case-to-case adjustable paramet8r for
6]. In these studies [1-4], the epitaxial layers were dopegjstribution involvingSi and GeSi,_, layers withx in the

in situ by B during growth, and subsequently annealed toange 0f0-0.22. For all cases studied presently, basically
investigate theB diffusion behavior. In the studies of Kuo the sameB diffusivity value, that given in the literature for

et al. [1,2] and Fang et al. [3], distribution & is primar-  s;j[g, 9], has been used.
ily confined inside the5eSi; 4 layers. The shapes of these

B profiles are somewhat different from those expectedfor

in Si, indicating the existence of a difference in mechanisms

governing the distribution oB in the two different cases. In
the study of Lever et al. [4B was introduced to an epitax-
ial Si layer confined between twGeSi;_x layers and the
diffusedB profiles showed two concentration peaks in thes i e O ;
confiningGeSiy_x layers. These authors have obtained sat?l—gde Ey g;flfru[s;}ng in Sias suggested by Fair and Pappas [8]
isfactory fits to theiB diffusion profiles [1—4]. In modeling,

however, formation oBGe pairs is assumed, which seems

1 Formulation of the problem

D" = D* () (E> : 1)
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with whereC;, Cs, andC; are respectively the actual concentra-
3.7eV tions of B?, By, and I, and D; is the diffusivity of BY.

D*(nj) =131 exp(— ) cnPs i, (2)  Equation (6) is obtained according to reaction (3) by assum-
ke T ing dynamic equilibrium holding amonB?, B, and | .

where D" is the substitutionaB~ atom diffusivity, D+*(n;) ~ Equation (7) is obtained becauge diffusion is slow and

is DE under intrinsic conditions); is theSi intrinsic carrier  hence thel * concentration should not have been perturbed
concentrationp is the hole concentratiokg is Boltzmann's ~ Substantially from that under thermal equilibrium conditions.
constant, andr is the absolute temperature. In (1) tBe ~ EQuation (8) is obtained in accordance with reaction (3) using
atom diffusivity is designated as an effective diffusiving®  the diffusion-segregation formulation method [12], with the
by reason of the diffusion mechanism which we now dis- €rm(Ci/Ci™)(9Ci""/dx) on its right-hand side accounting for
cuss. The form of (1) indicates that a positively-charged point® so_lublllgz/q#ference 0B in GgSiyx and inSi. In either
defect species goveri diffusion. This positively-charged Material,Ci™ is a constant independent pfsinceB? is un-
point defect species should be tBeself-interstitiall + [10], ~ charged. Using (4) and (5), and noting that- C; ~ Cs holds
andB diffuses via the interstitialcy mechanism according to @nd henc®(Cs+ Ci)/at ~ dCs/dt also holds, (6)—(8) yield

By < B 41" @ G _ 0 [por(Cs, Csip_Comn

9 [ ef ( _____
= : :
whereBg is an ionized boron acceptor atom occupying a sub- ot o o pox. i ox
stitutional Si lattice position, andB? is a neutral boron atom 1 (oE oky Cs 0C%' 9
occupying the bond-centered interstitial position [11]. In this T keT Uax  ax C_‘;ﬁ axX ’ (©)

interstitialcy mechanism, diffusion of thB; atoms, which

are themselves immobile, is accomplished by the migratiOWhereDgff is theBy effective diffusivity given by

of B atoms, for which the rate is high, and the subsequent

change-over of 8° to become 8 and produce ah™ sim- e p

ultaneously. The thermal equilibrium concentratiorBgf is DE"(ni) = KC{%mi) D; (E) : (10)

large whereas that d&f is small, and hence the measuigd

concentration is simply that @ . The Si vacancy species Comparing this with (1), we see that

also make a small contribution By diffusion [10], which we eq

ignore in the present analysis. D™ (ni) = KC™(m) D . (11)
Details of the Fermi-level effect on the thermal equilib- . . .

rium concentrations of ionized shallow acceptor and on Otheéﬁ A generalized hole-transport equation has been derived

charged species have been discussed in the accompanying [§-aPplication in Il-V.compound SL layers, see the accom-
per [7]. Accordingly, we have anying article [7]. The treated effects include the hole segre-

gation property in the layers and the junction electric field on
eq_ Loeq(Ni Ei—Ev the hole concentrations in the junction regions. This equation
CS = _CSO - eX P} (4)

ke T is applicable also to th&eSii_x/Si type heterostructures.

. eq . Accordingly, we have
whereg is the hole degeneracy facter4, Cs%is the thermal
equilibrium concentration oB3, C%' is the thermal equilib-  9p 9 [D dp pDpaNy pDydEy pgDp aﬂ

Pax Ny ox ke T ox ke T ox
(12)

rium concentration of the neutral boron atorB§, whichis - = o7

. e . O at 104
a constanty; is the crystal intrinsic carrier concentratiqmis
the hole concentratiork; is the intrinsic Fermi levelE, is
the valence band edge energy, is Boltzmann’s constant,
andT is the absolute temperature. Here we adopt the conve
tion that the values dt; andE, are referenced to the vacuum
level at0 eV. We also have

where Dy, is the hole diffusivity,Ny is the valence band ef-
Ractive density of stategy is the magnitude of the electron
charge (taken to be positive), agdis the electrostatic po-
tential at the junctions. The potentigl satisfies Poisson’s

cEI=C¥m) (3) , (5 eduaton

" ?¢ _q
whereC/"is the thermal equilibrium concentrationbf, and ~ 5x2 =~ & [N=p+Ca —Car —Cl . (13)
C/'(ny) is the same quantity under intrinsic conditions. The

concentration o8? is a constant in a single material since it Wheree is the layer material dielectric constafll,- is the
is a neutral species. ionized shallow acceptor density of all species that may be

Our starting equations describing the diffusion processegrese_m’ for exampléd +andAI » Cqr is the ionized donor
of the three specieB; , I+ andBP are density, an(_jC| is the I ™ concentration. The quantit@:
is included in (13) to account for also the possible presence
G e of donors in the material layers. In the absence of the elec-
CC W =K, ®)  tric field, (13) is just the charge neutrality condition. Details
of arriving at (12) have been discussed in the accompanying

C = qu, (7)  paper [7]. Because of the presence of the electrostatic poten-
! ! a~eq tial ¢, the carrier concentration at the junctions differ from

%G = 9 ( ia_C. - %ﬁ> - a_cs (8) those in the bulk of the involved material layers. The junc-

ot ox ax Gt oox ot tion carrier concentrations influence the dopant distribution



rate via their influences on tigg solubility and on the con-

centration ofl *.

2 Analyses of experimental results

To analyze the experimental results Bf diffusion in
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mental results [1-4], Fang et al. [3] and Lever et al. [4]
have givenB; diffusion profiles that are suitable for ana-
lyses. We have fitted these availatide diffusion profiles.
Kuo et al. [1, 2] reported extractd®f diffusivity information
but did not give usefuBg diffusion profiles.

Figure 1 shows the fits of thg; experimental profiles of
Lever et al. [4] obtained &50°C for x = 0.03 and 01, from

GeSi1_x/Si structures [1-4], (9), (10), (12), and (13) arewhich it is seen that the fits are satisfactory. The materials
solved numerically using the general-purpose partial differentonstants used in obtaining the fits, including the diffusiv-
equation solver ZOMBIE [13]. Among the reported experi-ity value of BZ, are listed in Table 1. The other constants
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Fig. 1. ExperimentalBg distribution data of Lever et al. [4] a&850°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

Table 1. Values of materials constants

used for obtaining fits to the experi- Material nj Ei Ev Ny Structure D (i)
mental results of Lever et al. [4]. The Jem3 /eV /ev Jem3 JemPs1
values ofE; and Ey are referenced to
the vacuum level ab eV a: Si 3.4 x108  _—462 —515 8.2 x 1070
b: Gey.03Sin.o7 3.86x10®  —4.606 —5.1278 8.2 x10%°
c: Gey.1Siog 5.2 x1018  —4574 —5.076 5.7 10%°
a/b/a/b/a  2.8x 10716
a/c/a/c/a  15x10716
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include Ny, Ey, andn;. For Si and Gg, the listed values Figure 2 shows the fits of thB; experimental profiles
are those available from the literature. FGESi1_x, €i- of Fang et al. [3] obtained a850°C for x = 0.095 and
ther available literature values of the appropriate quantity, 00.225, from which it is seen that the fits are also satisfactory.
values weighted linearly by from the Si and Ge values, The materials constants used in obtaining the fits are listed
have been used. These used values are room-temperatimdable 2.

values, because high-temperature ones are not available, and We specifically note that, in obtaining these fits, the ther-
there is also some needed basic information lacking for exmal equilibrium concentrations of the neutfal atoms in
trapolating them from the room-temperature ones to highhe GeSii_x and Si materials,Cg, are taken to be of the

temperature ones. same value.
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Fig. 2. ExperimentalBg distribution data of Fang et al. [3] &50°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

Table 2. Values of materials constants

used for obtaining fits to the experi- Material ni Ei Ev Nv Structure DE"(m)
mental results of Fang et al. [3]. The Jem3 /ev /ev Jem3 Jemést
values ofE; and Ey are referenced to
the vacuum level &b eV a: Si 3.4 x10'8  —462 -5.15 8.2 x 1070
b: Gey0osSio.gos  5.16x 1018 —4.577 —5.069 5.91x10%°
¢: G&229Sin.901 8 x108 —-4.5 —4.99 4.98<10%0
a 3 x101
a/b/a/b/a 1.9 x10716
a/c/a/c/a  1.9-3x10716
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3 Discussions usually not by much. Therefore, in principle, the use of either
mechanism should be regarded as valid at the present time.
In 11I-V compound superlattices, the segregation process ofVe have chosen thie” only model to start with because then
ZnandBeare determined by: (i) a chemical effect on the ther<(1) is obtained via a derivation in accordance with the chosen
mal equilibrium concentrations of the acceptor species in thenechanism, which allows the treatment to be self-consistent.
neutral state; (ii) in addition to the chemical effect, a Fermi-Presently, (15) is still of an empirical form, i.e., it has not
level effect on the thermal equilibrium concentrations of theyet been consistently derived from the chosen mechanism of
acceptor species in ionized state; and (iii) the effect of thénvolving the contributions of both® and| *.
junction carrier concentrations, which influences also the dif- We believe that the strongest factor supporting the valid-
fusion process of the acceptor atoms [7]. Because of the usy of the present model is the situation in Ill-V compounds,
of the condition thaCZ' are taken to be of the same value in see the accompanying article [7]. In a number of IlI-V com-
Siand inGeSi;_ alloys, we see that here the chemical effectpound SL structures, the shallow acceptor speZiesand
is of no importance. Thud® segregation between ti& and  Be exhibit a similar distribution anomaly, but with the phe-
Ge,Si;_x materials is due to the two other effects, particularlynomenon so much more pronounced that it is readily apparent
that of the Fermi-level dependence of g solubility. that the dopants are strongly segregated among the SL layers.
Our present fits to the experimenty diffusion profiles  In these layers, the acceptor-atom concentration difference
in theGe,Si;_«/Si structure are satisfactory. Based on a fairlycan be a couple orders of magnitude, but in each IZyesr
different model, thesd diffusion profiles have also been Be atoms are nearly totally ionized. Therefore, #reor Be
satisfactorily fitted by the original authors themselves [3, 4] segregation behavior cannot be due to clustering or pairing of
Therefore, distinguishing features between the present aritie acceptor atoms with the matrix material atoms in some
previous models do not include the degree of satisfaction dayers, but rather due to a solubility difference [7]. Sife
the fits. Rather, the distinguishing features are the involvedistribution in theGe,Siy_x/Si heterostructures arith or Be
physical factors. In the present model the role ofBhgolu-  distribution in 11I-V compound SLs are analogous cases, we
bility difference in the materials and the carrier concentratiorexpect the same mechanism to play a role in all these cases.
at the heterojunctions are emphasized, while these factors The By diffusivity values used in the previous analyses
have been ignored in the previously employed model [1—4]raise some concerns. The used valueBdin (15) by Lever
SinceBg is an ionized shallow acceptor, and its diffusion iset al. [4] vary asx is changed, which is in principle accept-
governed by a charged point defect species, these factors plable. But, the used values also vary with the iniBatoncen-
an essential roles iB; distribution, and hence must be in- tration and annealing times, which is unwarranted. Further-
cluded in an analytical model. This is a point in favor of themore, according to Kuo et al. [1, 2], the used values of the
validity of the present model, since it means that these effecguantityD’ = D°+ D~ (n;), for obtaining the fits in the range
should also have been included in the model of the previousf x values from 0 to 22 at850°C [2] and from O to 053 at
authors [1—4]. In contrast, in the previous model,Bhdiffu-  800°C [1], decreases as thevalue in theGe,Si;_x layer is
sion anomalies were attributed to the formatiolB@e pairs  increased, see Fig. 3. There is no data available for still larger

via the reaction [1-4] x values except for pur@eat800°C [14], also see Fig. 3.
The situation shown in Fig. 3 has led to the sugges-
B+ Ge K, BGe. (14) tion [15] that, asx increases from O to 1, thB; diffusion
TheBGepair formation process seems to be just a postulate "z __
We are not aware that the existence of Bt&e pairs has been 10 "7l e kuoeta @0 ¢ L.
detected in experiments. 1a X -~
X . . . Kuo etal. (850 C -
Irrespective of being a daily used p-type dopanBinthe ia VUG al. @ di? e
exact nature of the physical mechanisnBadiffusion is still | ™ Shama (800 . P
not clear even just iSi and inGe There is a substantial dif- __ ]| ® Presentwork (850 C)" | .~
ference in the assumd®ldiffusing mechanisms between the ;m 103 T
present and previous model. In contrast to the present mod( & o
B; diffusivity is assumed to be given by & . et
& 3 .
D=D°+D ()L~ (15) % ol
= i S o6l ﬂ
: ®
in the previous model [1-4]. According to (18, diffu- i .
sion is governed by two point defect species, a neutral on E L) .
leading to the ternD°, and a singly-positively-charged one
leading to the ternD~(p/n;). This is clearly in contrast to 10718 e e o
our presently assumegf diffusion mechanism as expressed 0.0 0.2 0.4 0.6 08 1.0
by (1), for which the governing point defect species is as G et
€ conten

sumed to be just the singly-positively charged self-interstitia
I'*. The two different mechanisms, as represented by (1) arfg-3. Eflective B, diffusily values ”Eed(e") to fit the experimental data.

: e : ose of Kuo et al. are th®' = D%+ D~ (n;) values, and those for the
(15)’ are. both arrived at fCBS QIﬁUSIOH in Si b.ase.d on flt; present work are that given by (10). The dashed line indicates the value ex-
to experimental results. It is still not clear which is superior.pected from a first order effect of averaging ®g diffusivity values inSi

That is, either one would offer better fits to some profiles, butind inGein proportion toGe content in theGe,Siy_x material
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mechanism irGeSi;_x changes from that governed by self- however, cannot be used to judge whether our present model
interstitials | to that governed by vacancies V, with V assumear the previous model should be favored, sinc85°C, the

to be the point defect species governByg diffusion in Ge. Dgﬁ(ni) values used in the present model are very close to the
While B3 diffusion in Si is known to be governed primar- D’ values used in the previous model. T8 profiles of Kuo

ily by 1T, it is actually not known which point defect species et al. [1, 2] at8B00°C are not available for analysis.

governsB~ diffusion in Ge However, judged by this sugges-

tion, theB diffusivity D’ dependence or [1, 2] would seem

to be unsettling on a quantitative basis. Consider that both4 Concluding Remarks

and V make contribution®; diffusivity in Ge,Si;_x may be

written as The most important physical factors leading to B diffu-
| v sion anomalies i1t5eSi;_x/Si structures are the Fermi-level
Deesi= Dgesit Daesi- (16)  effect on the solubilities 0B in the materials and the carrier

oncentration effect at the heterojunctions. DiffusioBgfin

o ron s e and G Sy« for sl vlues s mos el governec
1-x aloy : ' P y the singly-positively-charged self-interstitiat .

that Di;g;and D¢ ; are linear combinations of the appropri-
ate | and V contributions t8; diffusion in Geand inSi, in
proportion to compositior of theGeSiy_x material. Hence,
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