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MODELING HIGH-CONCENTRATION PHOSPHORUS DIFFUSION 
IN CRYSTALLINE SILICON

O. I. Velichko,a V. V. Aksenov,b L. P. Anufriev,b  UDC 539.219.3
N. F. Golubev,b and A. F. Komarovc

Phosphorus diffusion in crystalline silicon in doping from a surface source at a temperature of 840oC and a duration 
of 10 min has been modeled. Good agreement with experimental data has been obtained, which confi rms the 
adequacy of the employed model of high-concentration phosphorus diffusion. This model takes account of the drift 
of self-interstitials in the fi eld of internal elastic stresses.
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Introduction. Modeling of technological processes is widely used at present for development of new semiconductor 
devices. Of the processes used in the technology of creation of local doped regions of silicon devices, it is high-concentration 
phosphorus diffusion that stands out because of its most complicated behavior. Experimental data show that this diffusion has 
a number of distinctive features strongly differentiating it from the diffusion of other impurities of the elements of the Vth group. 
For example, the concentration profi les of phosphorus in diffusion from a source with a constant concentration of the impurity at the 
semiconductor surface have an ″infl ection″ point on the phosphorus profi le and the so-called ″tail″ in the region of low concentration 
of the impurity. With increase in the diffusion time the ″infl ection″ point and the ″tail″ shift to the semiconductor volume, which 
gives rise to a ″plateau″ with a nearly constant concentration of the electrically active impurity at the substrate surface [1]. Another 
characteristic regularity of high-concentration phosphorus diffusion is the accelerated redistribution of boron, gallium, phosphorus, 
and arsenic in the already formed regions. In the technology of semiconductor devices, a consequence of this phenomenon is the 
dip effect of the base of n-p-n transistors when the emitter is formed by high-concentration phosphorus diffusion. Acceleration 
of the diffusion of the impurity introduced earlier may attain signifi cant values and manifest itself at a large distance from the 
phosphorus-doped region. Thus, from the data of [2], the diffusion coeffi cient of gallium in the buried layer was increased nearly 8 
and 100 times compared to the thermally equilibrium layer, when the emitter was formed at temperatures of 1050 and 900oC 
respectively. The accelerated boron redistribution was investigated in [3]; it has been obtained that, at a temperature of 900oC, 
the characteristic length of reduction of accelerated diffusion is equal to 30 μm, whereas the average increase in the diffusion 
coeffi cient of boron in a 40-μm surface region is ~100 times. According to [3], the acceleration of the boron redistribution is 
strictly interrelated with the accelerated diffusion of phosphorus in the ″tail″ part of its distribution. Accelerated redistribution 
also occurs in the buried layer formed by the diffusion of the phosphorus itself [4]. A characteristic feature of the process 
of accelerated diffusion is the symmetry of the broadening of the profi les of the buried-layer impurity. This has been shown 
experimentally in [2, 3, 5]. However, the high-concentration phosphorus diffusion leads to a retardation of the redistribution of 
antimony atoms in the buried layer formed with the impurity [6]. A substantial infl uence of the process of phosphorus diffusion 
is exerted by the deformation of the crystal lattice due to the difference in the covalent radii of the impurity atoms and the silicon 
atoms. The above effects disappear or become much weaker with decrease in the degree of deformation of the lattice in the case 
of the codiffusion of phosphorus and germanium [7]. Thermal phosphorus diffusion leads to substantial changes in the fault 
subsystem of the crystals. Indeed, it has been shown in [8] that the processes of thermal diffusion of phosphorus, boron, or 
arsenic are responsible for the accelerated reduction in interstitial stacking faults in the region of occurrence of the impurity 
atoms. At the same time, it has been shown experimentally in [6, 9, 10] that in high-concentration phosphorus diffusion, we 
have the supersaturation of the silicon volume with self-interstitials and the decrease in the concentration of vacancies, which 
produces a growth in the interstitial stacking faults beyond the region of high concentration of the impurity.
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To explain the distinctive features of the phosphorus profi les and other characteristics accompanying high-
concentration doping, tens of phosphorus-diffusion models, have been developed [11–19]. These models can be subdivided 
into three groups according to the mechanisms of impurity transfer. The fi rst group includes models in which the impurity 
transfer is assumed to be only through the migration of E centers, i.e., of the complexes of phosphorus atoms with a 
vacancy [11, 13, 14]. This mechanism of phosphorus diffusion is contradictory to the phenomenon of supersaturation of the 
semiconductor volume with silicon interstitials, which was pointed to in [6]. In the second group of models, one assumes 
that direct interstitial migration of nonequilibrium impurity interstitials occurs in addition to the traditional mechanisms of 
diffusion by means of E centers; this migration is responsible for the formation of ″tails″ [12]. These models also cannot 
explain the phenomenon of supersaturation of the silicon volume with self-interstitials and long-range effects of accelerated 
redistribution of the impurities introduced earlier. We emphasize that in the model of [12], an attempt was made to take 
account of the infl uence of the deformation of the crystal lattice on the process of phosphorus diffusion. Thus, it is assumed 
in [12] that deformation is the cause of the generation of phosphorus interstitials. Finally, in models of the third group, the 
transfer of phosphorus atoms is assumed to be through the formation of the complexes ″phosphorus atom–silicon interstitial″ 
[16–19]. Closely related to these works is the model in [15] where the transfer of phosphorus atoms is assumed to proceed by 
the relay mechanism of diffusion. Unlike the transfer mechanisms considered earlier, the mechanism of formation of mobile 
″phosphorus atom–silicon interstitial″ complexes makes it possible to explain many of the regularities of the processes of 
high-concentration phosphorus diffusion. Thus, the assumption that the self-interstitial distribution is nonuniform makes 
it possible to explain the specifi c form of the distribution of phosphorus atoms on diffusion from a constant source [16, 17]. 
This nonuniform distribution can be formed both by the absorption of silicon interstitials in the highly-doped region [16] and 
as a consequence of their transfer beyond the doped region through the diffusion and disintegration of the complexes [17]. The 
assumption of the generation of nonequilibrium silicon interstitial makes it possible to explain the processes of accelerated 
diffusion of phosphorus atoms in the ″tail″ region and the accelerated impurity redistribution in the buried layers alike [16]. 
Also, the transfer of silicon interstitials through the diffusion and disintegration of the complexes makes it possible to explain 
the phenomenon of supersaturation of the semiconductor volume with self-interstitials. However, the models of the third group 
fail to explain the disappearance of the distinctive features of high-concentration phosphorus diffusion with decrease in internal 
elastic stresses in the case of phosphorus and germanium codiffusion. Furthermore, it is assumed in [17, 18] that the fl uxes of the 
phosphorus atoms j and of the silicon interstitials jI are related by j + jI = 0. This assumption is inconsistent with the description 
of the diffusion of nonequilibrium silicon interstitials in the semiconductor volume, since the concentration of the impurity there 
and its fl ux j are equal to zero. Furthermore, it follows from the relation proposed that the concentration of the nonequilibrium 
silicon atoms is comparable with the concentration of the complexes. This seems unlikely, since the complexes are formed by the 
interaction of these atoms with the phosphorus atoms and it should be expected that the concentration of the complexes is lower 
in value than the concentration of phosphorus and the concentration of the self-interstitials alike.

The phosphorus-diffusion model in [20, 21] is free from the limitations described. According to this model, the 
transfer of phosphorus atoms proceeds by the two-fl ux mechanism of impurity diffusion through the formation, migration, and 
disintegration of the complexes ″phosphorus atom–vacancy″ and ″phosphorus atom–silicon interstitial″; these complexes are 
in local thermodynamic equilibrium with the impurity atoms in the substitutional position and with the point defects forming 
these complexes, i.e., with the vacancies and self-interstitials, respectively. Point defects in various charge states are assumed 
to be involved in the complexation. Account taken of the nonuniform distribution of the silicon interstitials in a neutral charge 
state enables us to explain the distinctive features of the shape of the phosphorus atomic profi le, namely, the formation of the 
″infl ection″ point and of the ″tail″ in the region of low concentration of the impurity [16]. It is assumed in the model of [20, 21] 
that the nonuniform distribution of the silicon interstitials is formed by the action of internal elastic stresses due to the difference 
in the covalent radii of the phosphorus (0.110 nm) and silicon (0.117 nm) atoms [22]. As follows from the given values, a 
dramatic compression of the crystal lattice will be observed in the region of the doped layer in high-concentration phosphorus 
diffusion. The drift of the nonequilibrium silicon interstitials in the fi eld of elastic stresses beyond the phosphorus-doped layer 
leads to supersaturation of the semiconductor volume with self-interstitials and to an accelerated diffusion of impurity atoms 
in the buried layers. The disappearance of the distinctive features of high-concentration phosphorus diffusion in the case of 
the codiffusion of phosphorus and germanium is easily explained then by the decrease in the internal elastic stresses due to 
the larger covalent atomic radius of germanium (0.122 nm) compared to the radius of silicon [22].

It should be noted that the processes of high-concentration phosphorus diffusion have attracted close attention 
recent because of their use for the creation of doped regions in solar cells based on crystalline silicon [23–25] and for 
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gettering of undesirable iron-type impurities [26, 27]. In this connection, it makes sense to apply the model developed to the 
investigation of recent experimental data on high-concentration phosphorus diffusion in manufacturing solar cells.

Equations of the Phosphorus-Diffusion Model. To describe the processes of phosphorus diffusion at a high 
concentration of impurity atoms, we employ the following system of equations:

(1) the equation of phosphorus atomic diffusion, which takes account of the drift of the complexes ″phosphorus 
atom–vacancy″ and ″phosphorus atom–silicon interstitial″ in the fi eld of internal elastic stresses [28]:
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(3) the equation of silicon interstitial diffusion, which will be represented as [20, 21]:
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(4) the equation of vacancy diffusion, which will be represented as [20, 21]:
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From the above values of the acceleration of the impurity diffusion in the semiconductor volume, it follows that the 
concentration of nonequilibrium silicon interstitials beyond the phosphorus-doped layer exceeds many times the thermally 
equilibrium concentration of these particles. This means that in the phosphorus-doped layer, we have the generation of silicon 
interstitials. For example, such generation may occur when phosphorus atoms are built into the crystal lattice of silicon, as 
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has been assumed in [6]. Furthermore, at a high concentration of the impurity, precipitates of silicon phosphoride SiP [29] or 
clusters of phosphorus atoms are formed [30]. The occurring quasichemical reactions may be accompanied by the generation 
of silicon interstitials. In turn the generated silicon interstitials fi nd themselves in the elastic-stress fi eld, which ensure their 
transfer beyond the region of high concentration of phosphorus. To fi nd the distribution of the effective drift velocity of 
the silicon interstitials, we must calculate the distribution of the internal elastic stresses in the doped layer. However, the 
distribution of these stresses depends not only on the distribution of the phosphorus atoms but also on the distribution of other 
components of the fault subsystem of the crystal, namely, on the vacancies, silicon interstitials, clusters, or precipitates of 
phosphorus atoms. The solution of this problem is extremely diffi cult and is not the aim of the present work. Therefore, we 
approximate the distribution of the effective drift velocity of silicon interstitials by the following semiempirical dependence:
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The parameter x* characterizes the width of the range of action of the internal elastic stresses and may be related 
to the characteristic value of the impurity concentration C*, which determines the position of the infl ection point on the 
phosphorus profi le.

 We approximate the rate of generation of the nonequilibrium silicon interstitials by an analogous dependence:
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The proposed distribution of the generation rate of the silicon interstitials (6) is close to the distribution of the 
phosphorus atoms in the region of high concentration of the impurity, as is the distribution (5). This confi rms our assumption 
that the distributions (5) and (6) are fairly good approximations for description of poorly studied processes of generation of 
nonequilibrium faults and of deformation of the crystal lattice. Since for the experimental data in question, the process of 
clustering exists in an exclusively narrow surface region, for the approximate description of this process and for calculation 
of the quantity CAC, we have used the standard expression
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The quantity m in expression (7) is set equal to 3, which corresponds to the dependence of [11] for the concentration 
of electrically inactive phosphorus.

Results of Numerical Calculations. The results of modeling the process of high-concentration phosphorus diffusion, 
which have been obtained with the model proposed, are given in Fig. 1. Numerical solution of the system of transfer equations 
(1), (3), and (4) for the one-dimensional case in question was carried out by the fi nite-difference method [31]. The data of 
[23] were used to compare calculation results and experiment. In [23], high-concentration phosphorus doping was carried out 
using phosphosilicate glass formed on the surface of a silicon substrate on its treatment in a POCl3, O2, and N2 atmosphere 
at a temperature of 840oC for 10 min. This glass represents a mixture of phosphorus pentoxide (P2O5) and silica (SiO2) and 
may be considered, according to the data of [23], as a diffusion source with a constant concentration of the impurity of the 
semiconductor surface. In the experiment, we used silicon substrates (grown by the method of a fl oating p-conductivity 
zone) doped with boron with a resistivity of 2 Ω·cm. The profi le of electrically active phosphorus was measured by the 
electrochemical volt-farad method [23]. The measured profi le of phosphorus atoms in the substitutional position is also 
presented in Fig. 1.

In modeling the high-concentration phosphorus diffusion, we used the following values of the parameters of the pro-
cess of transfer of impurity atoms and intrinsic point defects. The intrinsic concentration of the charge carriers was ni ≈ 3.213 
× 106 μm–3; the limit of solubility of phosphorus in silicon was 3.9 × 108 μm–3 [32]. The intrinsic coeffi cient of phosphorus 
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diffusion Di = 1 2
i i iD D D× + +  = 2.047 × 10–8 μm2/s, and the parameters describing the concentration dependence of the dif-

fusion coeffi cient β1 = 1
i iD D×  = 0.00035 and β2 = 2

i iD D×  = 0.008 were taken from [33]. The value of the relative contribu-
tion of the indirect interstitial mechanism of transfer of impurity atoms in low-concentration diffusion fi = F

iD /Di = 0.084 was 
taken from [34], which gives the values E

iD  = 1.875 × 10–8 μm2/s and F
iD  = 0.172 × 10–8 μm2/s (total value Di = F E

i iD D+ ). 
Because of the shortage of experimental data on diffusion by means of the complexes ″phosphorus atom–self-interstitial,″ in 
the present work we assume the absence of the concentration dependence for the indirect mechanism of interstitial diffusion. 
Therefore, the above values of β1 and β2 were recalculated with account taken of the contribution of the indirect interstitial 
diffusion mechanism to the corresponding values E

1β  = 0.00038 and E
2β  = 0.0087 describing the concentration dependence 

for diffusion by means of vacancy-impurity complexes in the presence of the channel of interstitial diffusion by means of 
equilibrium complexes with a constant diffusion coeffi cient. The value of the diffusion mean free path of silicon interstitials 

I
il  = 30 μm was selected in accordance with experimental data on the decrease in the acceleration of diffusion deep into 

the semiconductor [3]. At the same time, a few values of the parameters of the diffusion process were determined from the 
condition of the best agreement between the calculated concentration distribution of phosphorus and experimental data: the 
concentration of electrically active phosphorus atoms at the semiconductor surface Cs = 2.49 × 108 μm–3, the normalized 
rate of generation of nonequilibrium silicon interstitials I

maxg  = 1.4 × 107 rel. units, the maximum value of the effective drift 
velocity of silicon interstitials I I

max idv  = 600.0 μm–1, and ΔRp.st = ΔRp.d = 0.0067 μm.
As is seen from Fig. 1, the concentration of electrically active phosphorus is much lower than the limit of phosphorus 

solubility in silicon that has been calculated according to the data of [32]. Therefore, in the considered case of diffusion 
the clustering of impurity atoms is either totally absent or occurs in an exclusively narrow layer on the boundary with 
phosphosilicate glass, i.e., in the region situation with a maximum concentration of phosphorus. This means that it is quite 
diffi cult to obtain a certain value of the quantity CAC* from the results of fi tting to experimental data. We have an analogous 
situation with determining a specifi c value of C*. Indeed, we can only establish from the fi tting results that the concentration 
C* is high enough for the characteristic depth x* of the range of action of elastic stresses to be nearly zero.

To obtain a numerical solution of the equation of phosphorus atomic diffusion we used 1001 spatial-discretization 
modes and 800 layers on the time axis. In modeling the process of phosphorus diffusion, by virtue of the shortage of 
experimental data, we neglected the drift of the complexes ″impurity atom–intrinsic point defect″ in the fi eld of internal 
elastic stresses and the concentration dependence of the coeffi cient of diffusion of vacancies and silicon interstitials.

Fig. 1. Calculated phosphorus profi les and concentration distributions of silicon inter-
stitials in the case of high-concentration diffusion from a constant source at 840oC for 
10 min: 1) calculated distributions of phosphorus atoms after the diffusion; 2) experi-
ment according to [23]; 3) limit of solubility of phosphorus in silicon; 4) concentra-
tion of intrinsic charge carriers. Dashed curve, concentration of silicon interstitials 
in a neutral charge state at the end of thermal treatment, normalized to the thermally 
equilibrium concentration of these particles.
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Analysis of the Obtained Results. It is clear from Fig. 1 that the numerical calculation of high-concentration 
phosphorus diffusion, carried out with the model of [20, 21], is in good agreement with experimental data. The model 
developed in [20, 21], in addition to being in quantitative agreement with experiment, enables us to explain the basic qualitative 
regularities of high-concentration phosphorus diffusion. Thus, unlike other models, it takes account of the infl uence, on the 
process of phosphorus diffusion, of the occurring deformation of the silicon crystal lattice. Moreover, account taken of the 
drift of silicon interstitials in the fi eld of internal elastic stresses and the resulting nonuniform distribution of self-interstitials 
are the basic propositions of the model described. It is precisely from these propositions that we can explain substantial 
variations of the processes of diffusion of phosphorus from the diffusion of other impurities. For example, simultaneous 
doping of silicon with germanium atoms leads to a reduction in the deformation of the crystal lattice. In this case elastic 
stresses decrease in value and the distribution of self-interstitials becomes more uniform. Accordingly, qualitative differences 
between the process of high-concentration diffusion of phosphorus and the diffusion of other impurities decrease or totally 
disappear.

As is seen from the calculation presented in the fi gure, the concentration of silicon interstitials in the semiconductor 
volume exceeds the thermally equilibrium concentration approximately 730 times, i.e., the intensity of impurity transfer 
through the formation of the complexes ″phosphorus atom–self-interstitial″ in the region of formation of the ″tail″ grows 
an identical number of times. With account taken of the value of the contribution of the indirect interstitial mechanism, 
which has been used in calculating, this means that a nearly 62-fold acceleration of the process of diffusion of phosphorus 
atoms occurs in the semiconductor volume compared to the thermally equilibrium low-concentration diffusion. It should 
be noted that the presented calculation of phosphorus diffusion was carried out under the assumption of the dominant role 
of the process of migration of vacancy-impurity complexes in the case of a low concentration of the impurity where there are 
no characteristic features of high-concentration doping. This assumption is consistent with the concentration dependence of the 
diffusion coeffi cient [33], since the presence of the term, which is proportional to the electron concentration squared, is easily 
explained by the formation of complexes of phosphorus with doubly negatively charged vacancies. Nonetheless, many works (e.g., 
[35–39]) have pointed to the dominant role of the indirect interstitial transfer mechanism, within whose framework one assumes the 
interaction of silicon interstitials with phosphorus atoms in the substitutional position, under any diffusion conditions; the share of 
this diffusion mechanism is close to 100%. If this assumption is true, calculation of the process of high-concentration phosphorus 
diffusion would be analogous to the calculation in Fig. 1; only the concentrations of nonequilibrium silicon interstitials would 
decrease by approximately an order of magnitude. The value of the acceleration of the diffusion of impurity atoms in the region of 
formation of the ″tail″ and in the semiconductor volume would remain the same.

Conclusions. With the model of high-concentration phosphorus diffusion developed earlier [20, 21], we have calculated 
the process of doping of silicon from phosphosilicate glass applied to the substrate surface at a temperature of 840oC and a duration 
of 10 min. The process of transfer of phosphorus atoms, modeled in the present work, is used for creation of an n-conductivity region 
in manufacturing solar cells on crystalline silicon [23]. The results of numerical calculations of phosphorus diffusion from a 
constant source for which the phosphosilicate glass is used are in good agreement with experimental data. This confi rms the 
adequacy of the employed model of transfer processes, within whose framework it is assumed that the distinctive features of 
high-concentration phosphorus diffusion are caused by the formation of a nonuniform distribution of silicon interstitials which 
are in a neutral charge state. The formation of this nonuniform distribution is due to the drift of self-interstitials in the fi eld of 
internal elastic stresses that occur in the doped layer because of the difference in the atomic radii of phosphorus and silicon. 
As is seen from the calculations carried out, the drift of interstitials in the elastic-stress fi eld leads to a considerable growth in 
the concentration of these particles in the semiconductor volume compared to the thermally equilibrium concentration, which 
enables us to explain the formation of the ″tail″ part on the phosphorus profi le and the phenomenon of accelerated diffusion 
of boron, arsenic, and gallium in deep-lying buried layers.

NOTATION

aE, coeffi cient allowing for the deviation of the constants of local thermodymanic equilibrium at high doping lev-
els of silicon; aF, coeffi cient allowing for the deviation of the constants of local thermodymanic equilibrium at high doping 
levels; CAC*, concentration above which intense clustering occurs; V×C  and I×C , concentrations of vacancies and silicon 
interstitials in a neutral charge state, normalized to the thermally equilibrium concentrations of these particles V×

eqC  and I×
eqC  

respectively; CT and C, total concentration of phosphorus and concentration of phosphorus atoms in the substitutional posi-
tion; dI(χ) and I

id , effective coeffi cient of diffusion of silicon interstitials and its value in the intrinsic semiconductor  respec-
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tively; dV(χ) and V
id , effective coeffi cient of diffusion of vacancies and its value in the intrinsic semiconductor respectively; 

DE and vE, respectively effective diffusion coeffi cient and effective velocity of drift of impurity atoms in the stress fi eld by 
the mechanism of formation of vacancy-impurity complexes; E

iD , intrinsic coeffi cient of diffusion of phosphorus atoms 
by the above-indicated mechanism; E×

iD , E1
iD , and E2

iD , partial coeffi cients of diffusion of the impurity using neutral and 
singly and doubly charged vacancies respectively; F

iD , intrinsic coeffi cient of diffusion of phosphorus atoms by the above-
indicated mechanism; F×

iD  and F1
iD , partial coeffi cients of diffusion of the impurity using neutral and singly charged silicon 

interstitials respectively; DF and vF, effective diffusion coeffi cient and effective drift velocity of impurity atoms in the stress 
fi eld by the mechanism of formation of complexes with silicon interstitials respectively; I

maxg , maximum value of the nor-
malized rate of generation of nonequilibrium silicon interstitials; gI and I

ig , rate of generation of silicon interstitials in a unit 
volume of the semiconductor and rate of thermal generation of these particles in the intrinsic semiconductor respectively; gV 
and V

ig , rate of generation of vacancies in a unit volume of the semiconductor and rate of thermal generation of vacancies 
in the intrinsic semiconductor respectively; V

il , diffusion mean free path of vacancies in the intrinsic semiconductor; I
il , dif-

fusion mean free path of silicon interstitials in the intrinsic semiconductor; NB, concentration of acceptors; I
maxv , maximum 

value of the drift velocity of silicon interstitials; vV, effective drift velocity of vacancies in the fi eld of internal elastic stresses; 
vI, effective drift velocity of silicon interstitials in the stress fi eld; x*, characteristic dimension of the stress region; E

1β  and 
E
2β , parameters describing the relative contribution of singly and doubly charged vacancies respectively to the process of 

impurity transfer; E
1β , parameter describing the relative contribution of singly charged silicon interstitials to the process of 

impurity transfer; 2
p.stRΔ , variance of the distribution of the drift velocity of particles; 2

p.dRΔ , variance of the distribution of 
the generation rate of these particles; τI and I

iτ , mean lifetime of silicon interstitials and its value in the intrinsic semiconduc-
tor respectively; τV and V

iτ , mean lifetime of vacancies and its value in the intrinsic semiconductor respectively. Subscripts 
and superscripts: t, total; V, vacancy; I, silicon interstitial; i, intrinsic; eq, equilibrium; max, maximum; p.st, projective for 
stresses; p.d, projective for defects.
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