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Almraet--A theoretical model that describes the dependence of carrier lifetime on doping density, which is based 
on the equilibrium solubility of a single defect in nondegenerately doped silicon, is developed. The model 
predictions are consistent with the longest measured hole and electron lifetimes reported for n-type and p-type 
silicon, and hence imply a possibly "fundamental" (unavoidable) defect in silicon. The defect is acceptor-type and 
is more soluble in n-type than in p-type silicon, which suggests a longer fundamental limit for electron lifetime than 
for hole lifetime at a given nondegenerate doping density. The prevalent, minimum density of the defect, which 
defines these limits, occurs at the processing temperature below which the defect is virtually immobile in the silicon 
lattice. The analysis reveals that this temperature is in the range 300--400°C, and thus emphasizes, when related also 
to common non-fundamental defects, the significance of low-temperature processing in the fabrication of silicon 
devices requiring long or well-controlled carrier lifetimes. 
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NOTATION 

electron capture parameter of (neutral) defect 
hole capture parameter of (ionized) defect 
unionized defect in external phase 
unionized defect in semiconductor (silicon) phase 
ionized (acceptor-type) defect in semiconductor 

(silicon) phase 
activation energy for defect formation in silicon 
energy level (in energy gap) of defect state 
intrinsic Fermi level 
degeneracy factor of defect energy state 
hole in semiconductor (silicon) phase 
Boltzmann's constant 
mass-action reaction (tempearture-dependent) con- 

stants 
acceptor doping density 
donor doping density 
ionized donor density 
defect density in semiconductor (silicon) 
(constant) defect density in external phase 
unionized defect density in semiconductor (silicon) 
ionized (acceptor-type) defect density in semicon- 

ductor (silicon) 
ionized (acceptor-type) defect density in undoped 

semiconductor (silicon) 
atomic density of silicon 
electron density 
intrinsic carrier density 
hole density 
absolute temperature 
effective temperature of defect formation in semi- 

conductor (silicon) 
net electron-hole recombination rate 
high-injection (P = N) carrier lifetime 
minority electron lifetime 
minority hole lifetime 
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under Contract No. 23-1161 and by United States-Spain 
Cooperative Research Grant No. T3773008. 

INTRODUCTION 

The performance of virtually every semiconductor 
device or integrated circuit is dependent on the carrier 
lifetimes in the semiconductor. For example, the power- 
conversion efficiency of solar cells and the quantum 
efficiency of detectors depend strongly on recombination 
carrier lifetimes, and the signal-to-noise ratio of dynamic 
MOS memories in VLSI circuits and the charge-transfer 
efficiency of CCDs depend critically on generation car- 
rier lifetimes. Because silicon is the most commonly used 
semiconductor in the electronics industry, an under- 
standing of how carrier lifetimes are related to the silicon 
growth and processing has practical significance. 

The recombination and generation carder lifetimes are 
defined by the predominant carder recombination- 
generation mechanisms[l], most commonly the band- 
band (phonon-assisted) Auger-impact process and the 
capture-emission (Shockley-Read-Hall (SRH)[2]) process 
at defects. The latter process involves bound states, or 
traps, in the energy gap resulting from the defects in the 
semiconductor lattice. For nondegenerately doped sili- 
con, the SRH process is generally dominant, and con- 
sequently the carrier lifetimes are controlled by the 
densities of defects in the silicon. To achieve optimal 
designs of silicon devices and circuits, we must know the 
upper bounds, or fundamental limits, for carrier 
lifetimes, and we must understand how the silicon 
processing influences the solubility of defects that define 
these bounds. 

Many previous publications [3] have disclosed 
measured dependencies of carrier lifetime on doping 
density in silicon. However, because most of these 
observed dependencies resulted from "non-fundamen- 
tal" defects, e.g. impurities, and because the data were 
obtained by a variety of experimental techniques, all of 
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which are subject to possibly significant error[3], the 
lifetimes are widely scattered. Thus inferences from 
these measurements are not generally significant and are 
often misleading. 

To provide a better understanding of lifetime-vs- 
doping dependencies in silicon, we develop a theoretical 
model based on the presence of a single defect in non- 
degenerate silicon. The model derives from the analogy 
to chemical reactions of the dopant-induced formation of 
lattice defects[4, 5]. The determination of the defect 
(solute) density follows from a characterization, based 
on the law of mass action, of the doped semiconductor 
(solvent) in thermal equilibrium at the prevalent tem- 
perature of defect formation T~. Derived expressions for 
the dependence of the defect density (assumed to be 
homogeneous) on the doping density in both n-type and 
p-type silicon, i.e. Nd(No) and Nd(NA), which depend 
on Tf, enable the determination of the desired depen- 
dencies of minority hole and electron lifetimes, ":p(No) 
and rn(NA). 

To support the model and to assay important defects, 
we compare theoretical predictions with measurements 
of recombination lifetime-versus-doping dependencies. 
By focusing our attention on those dependencies show- 
ing the longest carrier lifetimes (-* 1 msec) reported for 
silicon, we detect a possibly "fundamental" defect in 
silicon. The defect, which is acceptor-type, appears to be 
fundamental (unavoidable) because (a) it is readily 
available in unlimited quantity for incorporation into the 
silicon lattice, and (b) its solubility is fundamentally 
related to the doping density and, although its density 
can be influenced by the processing, it cannot be totally 
eliminated from the lattice. The defect could therefore be 
a vacancy, but because singular vacancies are unstable in 
silicon at room temperature[6], it is more likely a 
divacancy or a vacancy complex [7]. Our analysis is not 
conclusive in this regard, but the results are curious and 
should induce additional work. 

The analysis suggests that the defect is more soluble in 
n-type than in p-type silicon, and hence that the fun- 
damental limit for electron lifetime is longer than that for 
hole lifetime at a given doping density. The prevalent, 
minimum density of the defect, which defines these 
limits, is "frozen-in" at the temperature TI below which 
the defect is virtually immobile in the silicon lattice. 
Comparisons of our model predictions with ultimate 
carrier lifetime data reveal that T1 is in the range 300- 
400"C, and thereby emphasize the significance of low- 
temperature processing in the fabrication of silicon 
devices requiring long or well-controlled carrier 
lifetimes. For example, the efficacy of optimal annealing 
schedules is stressed, and furthermore a possible physi- 
cal mechanism underlying such annealing is described. 

Finally, the basis of our analysis, which is concen- 
trated on a possibly fundamental defect, is used to 
qualitatively discuss common carrier lifetimes in 
silicon[3] that are defined by non-fundamental defects. 

ANALYSIS 

Consider first n-type silicon. Kendall [8] has reported 
measurements of rp(No) made on silicon wafers that had 

and D. S. LEE 

never been heated above 450°C. Although it was not 
stated whether or not this silicon was float-zone, we 
surmise that it was because the lifetimes are much longer 
than those found in crucible-grown silicon[3]. These 
measurements, which involved doping densities ranging 
from about 10 TM cm -3 to about 10 TM cm -3, yielded, to our 
knowledge, the longest recombination hole lifetimes ever 
reported for silicon. The data are described well by the 
empirical expression [9] 

rp(No)= top 
No 

1+ 
NOD 

(1) 

where ~'op =4.0x 10-4 sec and Noo = 7.1 x 10t~ cm-3; (1) 
shows that rp varies inversely with No when the resis- 
tivity is sufficiently low. The high-resistivity lifetime 
implied by (1) is consistent with the long hole lifetimes 
measured by Graft and Pieper[10]. 

The rp(ND) dependence in (1) is also consistent with 
results of determinations[l 1], based on measured elec- 
trical characteristics, of recombination hole lifetime in 
the base regions of superior p+nn ÷ float-zone silicon 
solar cells fabricated at Sandia Laboratories. The con- 
sistency of these data and of those of Graft and 
Pieper[10], taken from carefully processed devices, with 
those reported by Kendall[8], taken from unprocessed 
material, portends the predominance of a "fundamental" 
(unavoidable) defect whose prevalent, minimum solu- 
bility in silicon results readily from proper processing. 

The asymptotic behavior of (1) is characteristic of a 
singularly ionized, acceptor-type defect in n-type silicon. 
We now demonstrate this by deriving a theoretical model 
for the dependence Nd(No) of the solubility of the 
defect on the doping density. We then use the model and 
the carrier lifetime data to estimate the physical proper- 
ties of this possibly fundamental defect. This defect 
characterization also involves our derivation of the 
solubility Na(NA) of the same defect in p-type silicon, 
which leads to ~'n(NA) predictions that conform crudely 
with measurements[12, 13] of ultimate recombination 
electron lifetimes in silicon. 

We emphasize that this analysis is based on the 
assumption of homogeneous distributions of defects in 
the silicon. Consequently it is applicable only to regions 
whose volumes are much larger than liNd such that 
macroscopic (volume-average) carrier lifetimes faithfully 
characterize the recombination and generation of hole- 
electron pairs. 

Consider the defect as a solute that is in (chemical) 
equilibrium with both a nondegenerately doped semi- 
conductor (the solvent) and an external phase with con- 
stant activity, which implies an unlimited source for the 
(fundamental) defect[5]: 

KI K2 

D e ~ D ~ D  +h +. (2) 

In the reversible reactions indicated in (2), D e and D s 
represent the unionized defect in the external and semi- 
conductor phases, and D and h ÷ represent the ionized 
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defect and a hole in the semiconductor. This approach, 
which is equivalent to that based on the Shockley-Last 
theory [4], is used here because of the physical insight it 
provides and because of the simplifying assumptions it 
reveals; these attributes will become apparent as the 
analysis is described. 

The law of mass action applied to (2) gives [5] 

Nd-P = K2Nd ° = K2K,Nd" =- K3 

where Na- and Na ° are the ionized and unionized defect 
densities in the semiconductor, Na" is the constant 
defect density in the external phase, and K~, K2, and K3 
are mass-action (temperature-dependent) constants. 
Combining (3) with the hole-electron mass-action law for 
the nondegenerate semiconductor, 

PN = n~ 2 
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defect. It involves the degeneracy factor gd of the defect 
energy state, which is unknown, and its energy level Ed, 
whose value relative to the intrinsic Fermi level E~ 
depends on Ts since both Ed and E~ vary with tem- 
perature. 

Because of the uncertainty in the energy-band struc- 
ture at T = TI, we can only estimate the relationship 
between N2 and Nd-, which we do as follows. For the 

(3) particular case No < ni(Ts), the hole and electron den- 
sities at T = Ts are nearly equal, and for simplicity we 
assume that approximately half of the defects are ion- 
ized; this would be true, for example, if gd = 1 and 
Ed - E~ at T = TI. Thus for this particular case, Nd °--- 
Na-(No < nO--N~o, as implied by (6). Since Nd ° and 
N To are independent of No, their relationship, subject to 
the stated assumption, holds generally for all Nt~ Hence 
using (6), we can write the explicit dependence of 

(4) Nd( = Nd- + Nd °) on No as 

where P and N are the hole and electron densities and n~ 
is the intrinsic carrier density, and with the condition for 
electrical neutrality in the semiconductor doped with No 
donor impurities, 

p - N  + No+-Na-=O, 

yields the following expression of the equilibrium solu- 
bility of the ionized defect in the semiconductor: 

- ND ND 2 

where N ~o is the solubility of the ionized defect in the 
undoped semiconductor. In writing (6) we have recog- 
nized the common conditions that all the donor im- 
purities are ionized, i.e. No ~- No +, and that Nd- < ND in 
extrinsic (n-type) silicon. 

Note that (6) is applicable at temperatures T high 
enough that the defect is sufficiently mobile in the silicon 
to support the equilibrium condition (2) and to allow Nd- 
and Nd ° to vary in accordance with (3). During the 
silicon growth or processing, when T finally drops below 
some temperature Tf, the defect becomes virtually im- 
mobile, and its density is hence "frozen" in accordance 
with (6) evaluated at T = TI; i.e. n~ = m(T = T~) and 
N~o=NSo(T=Ts). The temperature TI, which we 
estimate later, is thus the effective temperature of for- 
mation of the defect and is fundamentally related to the 
mobility of the defect in silicon. Note that if the silicon is 
cooled too quickly (quenched) during the growth or 
processing, the defects may freeze-in at a temperature 
higher than Ts. The resulting defect density is then higher 
than the "fundamental limit" corresponding to (6) 
evaluated at T = Tg. 

The total defect density Nd that is frozen-in at T = T~, 
and hence affects ~-p at room temperature, is the sum of 
Na- given by (6) and Nd °. We must therefore determine 
Nn ° at T = TI, which, as indicated by (3), is independent 
of Nt~ The general relationship between Nd ° and N~-, 
i.e. the degree of ionization of the defect, is quite com- 
plex, even if we assume a single energy level for the 

Nd(No)= Nd°{ l + ~-~ + [ l + (~n~ ) 2] '~2} (7) 

where Nd ° and n~ are evaluated at T -- Tt. This model 
implies carrier lifetimes that are self-consistent with the 

(5) hole lifetime data referred to earlier, as we will show, 
and its underlying assumptions are no more uncertain 
than the properties of the defect at T = T~. Not only may 
these properties differ from those at room temperature, 
but the nature of the defect may be entirely different[14]; 
for example, silicon vacancies, which may be stable at 

(6) T--TI [6], might precipitate to form divacancies as T 
drops to room temperature. 

A similar treatment of the density of the same defect 
in p-type silicon yields 

We have checked the generality of (7) and (8) by 
examining the effects of assuming N f = f N a -  where 
f # 1. For 10 -2< f-< l0 s, we have found that the lifetime- 
vs-doping dependencies implied by (7) and (8) do not 
change significantly in the doping range where the SRH 
process predominates. Thus subject to the uncertainties 
associated with the defect, (7) and (8) seem to be a 
reasonable model. 

In (7) and (8), Na °, which depends only on TI, is the 
solubility of the neutral defect in silicon at the effective 
temperature of defect formation. Minimization of the 
lattice free energy at T =  TI with respect to N2 
yields[15] 

-Eo Na°(Ti) = Ns, exp (--~/)  (9) 

where Ns~ is the atomic density of silicon (=5× 
1022 cm -3) and Ea is the activation energy required to 
form the defect in the silicon lattice. 

The dependencies on doping density given by (7) and 
(8) are illustrated in Fig. 1. For low doping densities 
[No, Na '~ ni(Ti)], both (7) and (8) yield Nd ~--2Nd°(TI). 
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Fig. 1. Acceptor-type defect density dependencies on doping 
density for n-type [Na(No)] and p-type [Nd(NA)] nondegenerate 

silicon. The asymptotic behaviors are indicated. 

For high doping densities [No, NA >> n~(T1)], the density 
of the defect in n-type material is dramatically higher 
than that in p-type material, and increases linearly with 
ND: Nd = [Nd°(TI)/n,(Ts)]No. This asymptotic behavior 
is consistent with (1) and the zp(No) data discussed 
earlier. In p-type material, Nd(NA) is nearly insensitive 
to Na, but actually decreases slightly with increasing 
NA: Nd ~ Nd°(TD. This prediction is crudely consistent 
with z,(NA) data published by Fisher and Pschunder[12] 
and by Graft and Fischer[13]. These data, which were 
taken on as-grown, float-zone silicon, show considerable 
scatter; however the ultimate electron lifetime increases, 
but by a factor of only two or three, as NA increases to 
about 10'7cm -3, above which ~', decreases sharply 
because of Auger recombination. 

To transform (7) and (8) to carrier lifetime depen- 
dencies on doping, which can be compared to measure- 
ments of to(No) and z,(NA), we use the SRH model[2] 
for carrier recombination through a single-level trap, 
including the effect of a non-unity degeneracy factor: 

lifetime is 

2 
N n~ 

NA (12) & 

Tn - U 

For high-injection conditions (P---N >> Nm NA), the 
carrier lifetime is 

P 1 
(13) 

The lifetime expressions given by (11)-(13), together with 
(10)--which generally can be simplified depending on the 
doping and the injection level in the semiconductor-- 
and with (7) for n-type and (8) for p-type material, 
provide a theoretical basis for observed dependencies of 
carrier lifetimes on doping densities in silicon. For 
example, (7), (10), and (11) imply a %(Nr,) dependence 
that is consistent with (1), whereas (8), (10), and (12) 
yield only a weak r,(NA) dependence in agreement with 
[12] and [13]. With (7)-(10) characterized to represent the 
fundamental defect that we have suggested, (11)-(13) can 
be taken as estimates of fundamental-limit carrier 
lifetimes in nondegenerately doped silicon. 

To explicitly detail these estimates, we appraise pro- 
perties of the defect by comparing quantitatively the 
predictions of (7)-(13) with the lifetime data. In doing 
this we are implicitly assuming that not only is the same 
(fundamental) defect predominant in all the silicon sam- 
ples used in the independent experiments, but also that 
TI is the same. This assumption is not unreasonable. We 
are considering only the longest carrier lifetimes repor- 
ted for silicon, which prompts us to assume a fundamen- 
tal defect, and, as we discussed earlier, T~ is fun- 
damentally defined by the mobility of the defect in 
silicon, and is therefore not strongly dependent on the 
dopant type nor the doping density. Nevertheless, 
because of this assumption and because of the un- 
certainties associated with the defect, the following ap- 
praisal is not rigorous, but is stimulating. 

U =  
P N  - n~ 2 

Ea - E~ 1 (10) 

The superscripts on the carrier capture parameters cp 
and c, ° indicate the ionization state of the defect cor- 
responding to the particular capture process. Since (10) 
will be used in conjunction with room-temperature data, 
m, Ed, and E~ in (10) represent room-temperature values. 

For n-type material, the low-injection (N = No ,> P) 
minority hole lifetime is defined as 

n i  2 p - - -  
a ND (11) 

Zp U 

For p-type material (P -~ NA ~> N), the minority electron 

Concentrating first on measured ultimate hole [8], [10], 
[11] and electron [12], [13] lifetimes in high-resistivity 
silicon [Na~-2N°(TD] ,  including the high-injection 
lifetime [11], we obtain 

1 
cp-(2N-~d = 3 × 10 4 sec, (14) 

1 -= 5 × 10 -4 sec, (15) 
c.-(Zl~la ) 

and, if ga = 1, 

[Ea - Ei]T=3OO K = 0.2 eV. (16) 
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At room temperature, the defect level appears to be 
significantly above mid-gap, and the hole and electron 
capture parameters seem to be comparable. Using next 
the high-No asymptotic dependence of ¢p(No) given by 
(1), we estimate n~(T1) = 5 x 1015 cm -3, or 

T¢=330°C. (17) 

If we assume that c o - - c ,  °~ 10-Scm3-sec -1, which is 
reasonable for an acceptor-type trap located significantly 
above mid-gap, then (14) and (15) imply that Nd°(Ti)- 
10" cm -3. This solubility, with (9) and (17), corresponds 
to 

Eo = 1.4 eV. (18) 

Although we cannot, based only on these crude esti- 
mates of the defect properties, unequivocally identify the 
nature of the defect, it is interesting to note that these 
properties are characteristic of a fundamental vacancy 
complex in silicon. For example, (18) is approximately 
the activation energy of the silicon divacancy[7], and 
(14)-(16) are reasonable estimates of properties of the 
(dominant) acceptor-type level associated with the 
divacancy [14]. 

The significance of our estimate for Ts in (17) is not 
manifested by the absolute value of the temperature, but 
by the fact that it is low (300--400°C) relative to common 
silicon processing temperatures. This result thus 
emphasizes the importance of low-temperature process- 
ing in the fabrication of silicon devices requiring long or 
well-controlled carrier lifetimes. 

The fundamental-limit carrier lifetime dependencies 
zp(No) and r,(NA) derived from (7), (8), (10), (11), (12), 
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(14), (15) and (16) are plotted in Fig. 2. Ultimate values of 
measured carrier lifetimes reported in [8], [11], and [12] 
are included in the figure to indicate the general 
theoretical-experimental consistency. Note that r,(NA) is 
dramatically higher than rp(No=NA), and that the 
difference increases, in accordance with Fig. 1, with 
increasing doping density as long as the SRH process 
dominates the recombination. The z,(NA) data[12] for 
NA > 10 t7 cm -3, which show a sharp decrease in z, with 
increasing NA, signify the onset of significant band-band 
Auger-impact recombination[16]. Such an onset cannot 
be seen in the zp(No) data[8], [11] in the nondegenerate 
doping range because of the lower SRH zp(No) due to 
the higher Nd(No). 

We emphasize that the experimental data plotted in 
Fig. 2 represent, in most cases, only the ultimate carrier 
lifetimes measured[8], [10], [11], [12], [13], and hence are 
comparable to the predictions of our fundamental-limit 
lifetime theory. It should be noted that [13] also reports 
measured values of r , ,  as high as 7000/zsec in 1 fl-cm, 
p-type, float-zone silicon. The discrepancy between 
these lifetimes and the predictions of our analysis is due 
either to experimental error, which is likely in very-long- 
lifetime measurements[17], [18], or to crude assumptions 
in our model. This discrepancy does not however dero- 
gate our carrier lifetime theory, which predicts the 
observed trends--i.e, a strong rp(No) dependence show- 
ing hole lifetimes that are considerably shorter than the 
electron lifetimes shown by a relatively weak z,(NA) 
dependence--and thus which encourages additional work. 

DISCUSSION 

The analysis described in the preceding section, which 
is based on measurements that have yielded the longest 

\ A u g e r  [161 

• "rp (ND) 
\ 

I I l 
10 TM 10 TM 1017 10 TM 

N D . NA(Cm-3) 

Fig. 2. Fundamental-limit minority hole [¢p(No)] and electron ['rn(NA) ] lifetime dependencies on doping density 
(continuous curves) in nondegenerate silicon as predicted by our model. The points represent the longest measured 
hole (circles)J8], [11] and electron (squares)[12] recombination lifetimes reported. The broken line characterizes the 
band-band Auger-impact electron lifetime[16], which underlies the sharp decrease in the measured r,(Na) for 

NA > 1017 cm -3. 
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recombination carrier lifetimes (~ 1 msec) reported for 
silicon, has implied the significance of a possibly fun- 
damental, acceptor-type defect, e.g. a silicon divacancy. 
Such a defect is fundamental (unavoidable), and hence 
defines the fundamental limits for carrier lifetimes in 
nondegenerate silicon, because it is readily available for 
incorporation into the lattice and because its solubility is 
fundamentally determined by the dopant type and den- 
sity. 

A theoretical model for the dependence of the defect 
solubility on doping density, for both n-type and p-type 
nondegenerate silicon, was derived. This model is based 
on the assumptions, in accordance with the lifetime data, 
that the defect can be only singularly ionized and that it 
produces only a single important energy level. In con- 
junction with the SRH recombination-generation theory, 
our model yields theoretical dependencies of ultimate 
carrier lifetimes on doping density in nondegenerate sili- 
con in which Auger-impact processes are insignificant. 
These results predict a strong, inverse dependence for 
the fundamental limit rp(No), but only a weak depen- 
dence for r,(NA). Consequently in the fundamental 
limits, r, in p-type silicon will exceed rp in n-type silicon 
having the same doping density. This difference is most 
pronounced in low-resistivity, nondegenerate silicon. 

Our model indicates the resultant defect density is 
dependent on an effective temperature of defect for- 
mation as defined by the silicon growth or processing. 
The minimum value TI of this temperature, which results 
in the minimum defect density and hence the fundamen- 
tal-limit lifetimes, is the temperature below which the 
defect is virtually immobile in the silicon lattice. Com- 
parisons of our model predictions with the ultimate 
lifetime data reveal that Tr is relatively low in the range 
300--400°C. Thus the final low-temperature processing 
steps in the fabrication of silicon devices are critical 
when the fundamental-limit lifetimes are being ap- 
proached. These low-temperature steps must be defined 
so as to ensure that the fundamental defect freezes-in at 
T~, and does not assume a larger solubility defined by a 
higher effective temperature of formation. 

This conclusion suggests that annealing the silicon at 
Tf for a time long enough to allow the equilibrium, 
detailed-balance conditions (2) and (3) to obtain will 
minimize the density of the fundamental defect. It im- 
plies then that, with respect to this defect, T~ is an 
optimal annealing temperature. Annealing at tem- 
peratures above Ts will result in a higher solubility of the 
defect in accordance with our theory. Annealing at tem- 
peratures below Tt will be ineffective since the defect is 
immobile. This physical explanation is compatible with 
experimental determinations[18], [19] of optimal anneal- 
ing temperatures that yield near-ultimate electron 
lifetimes in as-grown, p-type, float-zone silicon. Maxi- 
mum values of Tn generally resulted when the annealing 
temperature was about 450°C, which is not inconsistent 
with our estimate of TI. 

Our analysis is based on the longest carrier lifetimes 
measured in nondegenerate silicon, and hence pertains, 
as we have suggested, to a possible fundamental defect. 
Generally, carrier lifetimes in silicon devices are drama- 

tically shorter than these ultimate values[3]. Shorter 
carrier lifetimes will result from non-optimal processing, 
e.g. quenching at a high temperature, that induces higher 
densities of fundamental defects and/or substantial den- 
sities of other, non-fundamental defects, e.g. impurities. 

lies and Soclof[20] inferred lifetimes from measure- 
ments of minority-carrier diffusion lengths in n-type and 
p-type silicon, and found in both types monotonic 
reductions in lifetime with increasing doping density. The 
values of lifetime they reported are much lower than 
those plotted in Fig. 2, and thus imply the existence of 
non-fundamental defects, probably heavy metals, which 
are common in silicon devices. Such defects, e.g. gold 
and copper, are generally amphoteric in silicon and tend 
to, be.cause of their ionization interaction, create traps of 
the type opposite to the doping impurity[21]. This results 
in strong inverse dependencies between carrier lifetime 
and doping density in both n-type and p-type silicon like 
those in [20]. 

Graft and Pieper[18] investigated the dependence of 
carrier lifetime in silicon on heat treatment and found 
varying results from one silicon sample to the next 
because of different densities of dislocations and 
vacancy clusters, both of which can be avoided and 
hence are non-fundamental defects. They also found that 
in float-zone silicon the carrier lifetime-vs-annealing 
temperature characteristic has several maxima at 
different temperatures in different samples. However, 
there is a common maximum at about 350°C. This opti- 
mal annealing temperature is consistent with our estima- 
tion of T~ and therefore may be associated with the 
fundamental defect. The other maxima are probably 
associated with non-fundamental defects. 

To achieve the fundamental-limit lifetimes that we 
have discussed, the non-fundamental defects must be 
removed or avoided by proper processing prior to the 
final low-temperature steps that minimize the fundamen- 
tal defect density. Such processing (a) requires float-zone 
silicon, which is relatively free of non-fundamental 
defects associated with oxygen and carbon; (b) excludes 
high-temperature oxidation, which can create detrimental 
stacking faults and other dislocations and defects; and 
(c) includes gettering, e.g. by phosphorus diffusion, 
which can effectively remove certain impurities, e.g. 
heavy metals. 
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