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Abstract

Besides common implant techniques, dopant diffusinables steep diffusion profiles in heavily doped
deep-source drain and ultra-shallow junctions asiired in advanced microelectronic technology. Expe
mental phosphorus dopant diffusion profiles incsifi are described by ational function dffusion (RFD)
model, based on direct solution of Fick’s equatiand suitable for actual work in junction enginegri
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I ntroduction

Heavily doped junctions of field effect transis{6ET) devices are key elements for controlling sleban-
nel effects (SCE) and junction resistance in aggvespitch scaling at 32nm and beyond in advancietdom
electronic technology [1]. Ultra-shallow junctiobg phosphorus diffusion out of CVD film has beemda-
strated [2]. By using heavy in situ doped epitag@lirce drain contacts, retrograde dopant condetraro-
files become much more achievable than with tradéi heavy implant techniques [3,4]. Other work dam
strates that phosphorus is not only used in n-RE€tjon engineering, but also as co-dopant for ibaliffu-
sion control [5,6]. Heavy-doped junctions are searof dopant diffusion in two directions with cadictory
technological requirements. For the vertical diggc{(into the substrate), a sufficiently large dgion length
of dopants is required to bottom out the junctiespgcially in SOI technology) and to minimize thectical
source drain capacity load of FET; for the horiabulirection (towards the FET channel), to proVme ex-
tension and channel connectivity at a very shdftision length for SCE control (threshold voltagdl off
and scattering). Understanding and describing gharsis diffusion profiles in simple models is theref de-
sired.
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Experiments

Two samples of 5-inch mono-crystalline silicon wafat a ground boron doping level correspondingto
Ohm cm' are set up by standard SC1, SC2 cleans for shodtdlong-time phosphorus diffusion processes.
These samples were processed in furnaces with N2vapor POCL3 atmosphere at 750 °C/8 min. (short
time exp.) and 900 °C/14 min. (long time exp.) undemmon clean conditions used in the semiconductor
industry. After the experiments, the doping prdfitd these samples are analyzed by high-resolsposad-
ing resistance method (SRM) as shown in Fig.1. Ader surface doping concentration of both samges r
sults in very low sheet resistance. Because oéfipdied high-resolution SRM method, this very lawface
sheet resistance could not be measured and afdut thie near-surface high dopant concentratiomoregs
visible in the experimental data of Fig. 1. Phospe@enetration profiles similar to Fig. 1 are disond in
the literature [7]. The experimental error of SR#astimated within a few percent in near-surfagéhi
concentration range and much less in mid-and lomeentration range because of non-activated phogphor

Discussion

As can be seen in Fig. 1, the Gaussian diffusiodehis insufficient to predict the experimental etgéd
phosphorus concentration profiles. In particulae mismatch between the Gaussian diffusion modik:klze
experimental data in the mid- and low- concentratiange can not be predicted with the surface curece
tion at the same time (see Fig. 1). Different atgho the literature corrected the mismatch in and low
concentration range by multiple superimposed Gausprofiles [8, 9]. Otherwise, a similar mismatch a
shown in Fig. 1 remains [7, 10-12].
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Partial Gaussian models are justified by diffeygmgsical processes, for instance:

impurity-vacancy effects (high-dopant concendrai

different self-diffusion processes (effectivefuion coefficient)

intrinsic diffusions (medium-dopant concentration)

transient enhanced diffusion TED (low-dopant cotradion, tail of doping profiles)
abnormal phosphorus diffusion (low-concentratiomye)

Since diffusion theory is based on Fick's equatiamalytical solutions besides the Gaussian funcie
analyzed first, before increasing model complexitythis investigation, a certain directians applied (de-
noted as penetration depth) for simplification. Buerounding volume is taken as constant. Thesengss
tions are denoted as a flat diffusion interfacéhm literature and are appropriate to the appligeeemental
conditions. Furthermore, a concentration-indepenhdéfusion constanD is used for the same reason. The
first of Fick's equations (Equ. 1.1) describes angje of concentration per volume and is related to a mass
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flow:

o, ol

ot ox (1.1)

Fick's second equation (Equ. 1.2) describes a lomatentration profile that is smoothed out ovaereti
This equation assumes that no heat is producedgltire diffusion process and no heat is accumulatétke
solid (see also [13]), which is valid in the givexperiments:

dc_ 0%
—~=D—,
ot 0X (1.2)

Taking into account that the mass per volume igddfas concentratior) Equ. 1.1 and 1.2 can be consoli-
dated. The result is given in Equ. 1.3 and dessribenapshot of a diffusion profile as found in exeeri-
ments and also used in literature for generalizadlation of diffusion profiles [14].

LZC+ }@: 0
ox> X ox (1.3)

Equ. 1.3 is still time-dependent, because the cunagon oscillation termyzc/ox? translates into fluctuation
in time ac/ot (see Equ. 1.2) and the diffusion tim&fluences the diffusion length, which becomes a pa-
rameter of solutions of Equ. 1.3 later on. All mattatical functions satisfying Equ. 1.1 — 1.3 arkdvior
describing diffusion and, besides the Gaussiantimmcthere are obviously alternative mathematszu-
tions. Depending on certain experiments, one orembthese mathematical solutions can be selecigdna
terpreted in terms of a physical model.

A. Alternative Diffusion Models

A solution of Equ. 1.3 is given kac/ax= a1/ x (ais a constant). This solution is a logarithmicdtion as
given in Equ. 2.1 with additional constants forttier discussion and called logarithmic functiorfuifon
model (LFD model)

c=adb-In[e+ x])+d (2.1)

Another solution of Equ. 1.3 is a quadratic tec= (a-x)*+ d . This term can be extended in the more gen-
eral case of a rational function diffusion (RFD)debas given in Equ. 2.2:

b_Xfornatl

c=alz"+d; with z=
n-1 (2.2)

Because of the cylindrical type of Equ. 1.3, BedgrttionsJ,(x) are mathematical solutions. By the spe-
cial type of Equ. 1.3, the ordarof the Bessel function is set to the same mageiast to satisfy the condi-
tion n?/ x*= 1. Exploring this kind of Bessel functiomandx have the same sign; otherwise, the Bessel func-
tion would show a periodic behavior. In Equ. 2.8didonal constants are introduced as before, whighs
the bessel function diffusion (BFD) model:

c=al(b+J [x])+d (2.3)
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The slopes of mathematical functions in Equs. 2B-are adaptable to the physical expectatiosdiffu-
sion model in general, e.g., they predict a cerfirface concentration and limited penetration lueyt
dopants. Hence, these functions have differenteslogingularities, and so on, which will make thaore or
less suitable to interpret given experimental datiadiffusion models will be examined to satistyet follow-
ing conditions:

(i) Ata penetration depth of zero, a surface conceatra, has to be predicted.
(i) The dopants concentration drops to zero at a manigttfusion lengthLo. This maximum penetration
depth is a clear defined value, smaller than itdim most cases.

Condition (i) is commonly used. Condition (ii) isone restricted than commonly applied in the literatin
which a zero concentration of dopants is alwaysetqa at an infinite distance from the surface.dtmn
(i) is not in contrast to that, but more speciftor describing different diffusion types/materjdte diffusion
model can provide additional parameters not allugetn this work and focusing on phosphor diffusian
mono-crystalline silicon only.

B. Application of Alternative Diffusion Models

In Fig. 2.1, the logarithmic function of the LFD o (Equ. 2.1) is approximated to experimental dake
penetration deptk of Equ. 2.1 is given in relation to the maximurffudion lengthL,. Condition (i) can be
satisfied by interpreting the model parametasf Equ. 2.1 as surface concentrat@nBoundary condition
(i) is satisfied clearly by the model function.cfose surface peak indicates a singularity of tlelehat the
surface interface, which can be improved by anathedel parameter set (e. 0.15C[1-log(1-x/1.2501.7)]), Of

point to a segregation effect in physics. Using R@el (Equ. 2.2), the best approximation of expental
data is obtained, as shown in Fig. 2.2. Only areedgse to the surface of the samples profilesgnE2 in-
dicates a second surface diffusion process, whidimown as high-dose doping effect and will be uised
later. In order to satisfy the boundary conditiénsand (ii), the parametex of the RFD model is set to the
surface concentratioty , b is set to one, and is used in relation to the maximum diffusion ldnly, as be-
fore. The powen of the model was set to two and might changeafalture. To approximate the experimen-
tal data by the BFD model as shown in Fig. 2.3 pls@metea of Equ. 2.3 is set to the surface concentration
Coand the penetration depth x is givernlagl, according to the boundary conditions (i) and A3.shown in
Fig. 2.3, the approximation result of the BFD maodedimilar to the LFD model approximation showrfig.

2.1, with a bigger mismatch at sample surface anldestail of the concentration profiles. For tresson, the
surface concentratiooy and maximum diffusion lengthy of this model are expected to be less accurate.
A comparison of all model parameters’ surface caotreéion ¢ and maximum diffusion length, is
given in Table 1.

Model  shallow profile deep profile
Co Lo Co Lo

[1012 [um] [1012 [um]

cm] cm] Table 1: Comparison of diffusion model parametéey @ap-
Gauss 25 0.41 3.8 0.77 proximation to experimental data shown in Fig..1-2.3:
LFD 0.5 0.35 0.5 1.25
RFD 4 0.34 5 1.25
BFD 1 0.30 0.44 1.20
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According to Table 1, all alternative diffusion nabsl predict a fairly matched maximum diffusion léng
Lo. Depending on goodness of approximation at thelldieo of the diffusion profile slope, the surfacne
centrationcyin Table 1 differs. The RFD model is in best agreetrat dopant surface concentrations with the
Gaussian model at both profiles, shallow and déefiterature, the Gaussian model is used for @tet
surface concentration ([15]), and therefore prowithe reference, in this comparison of all models (see Ta-
ble 1). Because no Gaussian approximation of cdrateon profiles tail in low-concentration rangefaaind
in literature, the RFD and Gaussian model can eatdmpared in this regard. Simulated numericaudifin
profiles found in [16] are in agreement with thi®nk, that experimental concentration profiles expas
stronger drop at the tail than the Gaussian maatelpcedict.
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From literature, the Gaussian model is preferapplieable to the so-called volume diffusion proessslose

to the surface concentration, up to a concentratrop of about two orders of magnitude. In selftdifon
processes (mid-concentration range), the Gauss@telndoes not seem to be not adequate. Medium- and
low- doping concentration range computer simulaioha kick- out diffusion process show dopant esAc
tration profiles inadequate to the Gaussian motigl12] also, but adequate to the RFD model. Byratife
fusion simulations [14], the presented analyticRDRmodel concentration slope seems to be confirioed

low- and medium-dopant concentration, up to an wpipet of c, of around 1.5x18 cm® for phosphorus in
silicon. In mid- and low- concentration range, tlepant diffusivity is almost linear to the dopantcentra-
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tion. For heavy dopant concentrations (1.5%1@i° for phosphorus), an additional surface diffusioecha-
nism kicks in (compare mismatch of RFD model in.A@). In this concentration range, a vacancy raech
nism contributes to an enhanced diffusivity, wittopphorus diffusivity proportional to the squareha con-
centration. A model of this diffusion mechanism tanintroduced by superposition of a second modsét
on Fick's equations. Reviewing plots in Fig. 2.3;2FD and BFD model can represent a close sudape
ing profile better than the RFD with a power of tarothe Gaussian model because of the strong drtgy
concentration range. In Fig. 3, a diffusion modatdx on the superposition of the RFD and LFD maodels
therefore shown.
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Conclusion

Based on mathematical solutions of Fick’'s equatidifeerent diffusion models can be taken into asdo
If an adequate approximation of experimental datale obtained by a different solution of Fickijsaions
than the Gaussian function, it is worth taking thi® consideration rather than increasing modeimexity.
Compared to recent diffusion simulation study ofdmoand phosphorus [17] with TSUPREM-4 software, a
similar fit of experimental data was found as pnése in this work. This might have an impact on éxe
perimental interpretation of Gaussian-based diffiusnodels for transient enhanced diffusion (TEDB)][1
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