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The Shockley-Read-Hall model, in its simplest and most common form, is often used to describe both
injection- and temperature-dependent carrier lifetime measurements. Such lifetime modeling has provided the
basis for ultrasensitive spectroscopic techniques for the study of recombination centers in crystalline silicon.
However, this approximate model is only valid when the density of recombination centers is small enough to
avoid trapping effects, which cause distortions in the excess mobile carrier concentrations. In this work, the
simplified Shockley-Read-Hall model is compared with a more general solution of the continuity equations that
takes account of carrier trapping. This comparison leads to an expression for the upper limit on the recombi-
nation center density for which the simplified Shockley-Read-Hall model remains accurate. The limit depends
not only on the dopant density, but also on the energy level and electron and hole capture cross sections for a
given type of recombination center. The results allow experimental conditions that do not invalidate the use of
the simplified Shockley-Read-Hall model to be determined.
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I. INTRODUCTION These two techniques rely heavily on the use of
Shockley-Read-Hal??° (SRH) statistics to model the behav-
Techniques based on carrier lifetime measurements hayer of the recombination lifetime as a function of either in-
been developed recently with the common goal of characted€ction level or temperature. However, they generally make

izing impurities in crystalline silicon. One approach, which YS€ of a simplified version of SRH theory that involves a

has been referred to as injection-dependent lifetime spectrog'-umber of assumptiofis” that must be satisfied when ap-

) - lying the model to experimental data. The most restrictive
copy (IDLS)," involves fitting Shockley-Read-Hall theory to gfythgse requires aImoZt equal excess “untrapped” electron

injection-level-dependent lifetime measurements. Within ceérynq hole concentrations. As the recombination center density

tain_constraints, suchaprogedure aIIOV\_/s the_energy level ang approaches a critical valubl.;, this simplified SRH
carrier capture cross sections of an impurity to be determodel becomes increasingly inaccurate, due to the fact that
mined, often with superior sensitivity and accuracy to con-the recombination centers in general also act as “traps.”
ventional techniques such as deep-level transient spectrog¥vhen this occurs, carriers spend some finite time trapped at
copy. The IDLS technique has recently been applied tdhe center before either recombining or being ejected back
boron-oxygen complexes in Czochralski siliédmand also to  into the band from which they came. Such trapping alters the
iron-boron pairs in silico;® as well as other metallic spe- overall carrier dynamics, often very significantly, and even if

cies such as chromium, molybdenum, and titanidirevi- only one type of carrier is trapped. This restriction on the

ously, it had been employed in analysis of recombinatior‘[,ssl:r{nl-{:lI:TlodeI is often expressed as simply requiring thae

centers at silicon dioxide/silicSrand silicon nitride/silicon The purpose of this paper is to determine exactly how

interfaces,*® which are of critical importance in solar cell ¢maiiN must be to ensure the simplified SRH model remains
applications. It has also been used tg_chagactenze recombiccurate, therefore enabling lifetime-based spectroscopic
nation centers in electron-irradiated SlllC’HTil. In fact, sim- techniques to be Safe|y emp]oyed_ This is achieved by com-
plified variations of the technique effectively formed the ba-paring it with a more general model that explicitly accounts
sis of well-known, pioneering studies of iron-bofdrand  for the trapping properties of the defects and hence is valid
chromium-borofi* pairs in silicon. for any value ofN, provided that steady-state conditions pre-
A second group of lifetime-based techniques, recentlyvail. This general model is used to find an expressiorNigg

dubbed temperature-dependent lifetime  spectroscopp terms of the dopant and excess carrier densities, and also
(TDLS), has also been developéd®y analyzing the tem- the energy level and capture cross sections of a given recom-
perature dependence of the low-injection lifetime, the energination center. These latter parameters turn out to have sig-
level of the dominant recombination centers can be inferredificantimpact on the range of validity of the simplified SRH
So far it has found application in analysis of iron-relatedth€ory. First, however, we begin with the continuity equa-

centerd®=17 and various other metallic centéfsas well as tions that provide a general description of carrier dynamics
electron-irradiated  silicok=!2 It appears certain that within a semiconductor, and which underpin all the recom-

lifetime-based techniques such as IDLS and TDLS will be-Pination models considered.

come more widespread as u_u:_regsmgly s§n3|tlve_techn|ques Il. RECOMBINATION MODELS

are needed to track ever-diminishing quantities of impurities,

and as the requirements of electronic devices become ever In a nondegenerate semiconductor under the influence of
more stringent. external illumination, the excess concentrations of free, un-

0163-1829/2003/67)/0752037)/$20.00 67 075203-1 ©2003 The American Physical Society



DANIEL MACDONALD AND ANDRE S CUEVAS PHYSICAL REVIEW B67, 075203 (2003

trapped electrond\n and holesAp are described by the as a trap or a recombination site, or as some combination of

following continuity equationg: both, will depend on its energy and capture cross sections,
and also on the Fermi level.
dAn An As discussed by Blakemofé the time-dependent conti-
9T gt T T nuity Eqgs.(1) and(2) can only be solved analytically under

very special conditions, which are not of great practical in-

1 [(ng+ny+An)(An—Ap) Ann terest. In the general case, complications arise due to the

- % N + No+ny|’ coupled nature of these expressions, which is a direct conse-

quence of the fact that the centers may act as both recombi-

@) nation sites and as traps. Under steady-state conditions, how-

ever, the time-dependent terms are zero, the equations are

_ dA_p: ﬂ less strongly coupled, and general solutions do exist. This

9™ qt Tp was exploited by Shockley and ReBdwhose Eq.(4.4) is

precisely such a solution, the only underlying assumptions

_ 1 |(Potps+Ap)(Ap—An) . App being those of nondegeneracy and steady-state conditions.
Tpo N Pot Pl Cast in this form, SRH theory is indeed quite general. How-

) ever, in subsequent sections of their paper, Shockley and
Read went on to develop only cases with restricted applica-

Here, gg is the rate of electron-hole pair generation by thetion. The first of these, in their Secs. V and VI, was for
illumination, ny and p, are the electron and hole concentra- arbitrary modulation(values ofAn andAp) but only small
tions in thermal equilibriumy, and 7, are the electron and values ofN. A later case, in Appendix A, was for arbitraly
hole lifetimes, andN is the recombination center density. The but only small modulation. It is the first of these restricted
capture time constants for electrons and hotgg,andr,y, ~ manifestations of SRH theory, i.e., for sma| which is
are related to the capture cross sectionsand o, of the ~ most widely used today. We shall refer to it as the “simpli-
recombination center, and also to the recombination centdied” SRH model, following the heading of Shockley and
density and the thermal velocities of electrons and hojgs ~ Read’s own Sec. V.

via the following expressions: One route to the simplified SRH expression from the con-
tinuity equations involves eliminating by substitution from
1 Egs. (1) into (2) under steady-state conditions. After some
T”OZNonvth’ rearranging, and upon use of the identitieg/(ng+n,)

=p1/(Po+P1) @andpin;=peng, the result is

1
(I Np— () An Ap PoANn+noAp+AnAp
G-pvth gE:— = —= .
T Tp  Tpo(NotNy+AN)+ 7ho(Po+p1+AP)
The assumption of nondegeneracy is required to provide ©)

an unambiguous meaning to the capture cross sections, since

they represent “average” cross sections for carrier capture Further manipulation of this expression, along with the
from all possible band statéSThe statistical factors; and  assumption of vanishing excess carrier densities, leads to Eq.
p, are the equilibrium concentrations of electrons and holes(A7) of Shockley and Read, which is the case for arbitidry
respectively, when the Fermi level coincides with the energyout restricted to small modulation. If, on the other hand,

of the recombination centet : arbitrary excess carrier densities are allowed, but we insist
thatN is small enough to not noticeably perturb them, so that
Er—Ec An=Ap, then we are led directly to E¢5.3) from Shockley
Ny =Ncexp — 7| and Read, the simplified SRH model:

Tpo(n0+ n1+An)+ Tno(p0+ p1+An)

Ec—Eg—E o
w) i (4) TSRH™ Tn™ Tp™ No+ Po+ AN

P1=Ny ex;{ KT

where E¢ is the conduction-band-edge energy dgg the

energy gap. The densities of states at the conduction- and Note that the simplifying assumption merely requires that

valence-band edgellc and Ny are Nc=2.86x10" and An=Ap, but it is not clear exactly how smal must be to

Ny, =3.10x 10'° cm ™2 for silicon at room temperature. ensure this is so. This generates some uncertainty in applying
The continuity Eqs(1) and(2) allow for all the possible the simplified SRH model to experimental data. As men-

interactions between the bands and the recombination cetioned, however, this expression is widely employed in mod-

ters, namely recombination via capture of an electton eling carrier recombination for applications such as IDLS

hole) and subsequent capture of a habe electron, or trap- and TDLS. In order to quantify the limitations of the SRH

ping via capture and release of an electfon hole. The  model, it is useful to compare it with a more general solution

tendency of a specific recombination center to act primarilyto the continuity equations.

(6
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Blakemore has shown that general solutions of the contiplified SRH model does ndalthough even in the simplified
nuity equations can be relatively easily found for the case otaseN is required to determine the capture cross sections,
arbitrary excess carrier densities and valuell,ahaking the  but not the capture time constantin many practical cases
assumptions in the simplified SRH model largely unnecesthe value ofN is not known, and so the simplified model may
sary. The only disadvantage of these general solutions ovédre the most useful, despite the restricted range over which it

the simplified SRH model is that they are long. is valid.
When steady-state conditions prevalil, the continuity Eqs. A final point to note regarding these models is that they
(1) and(2) may be written as both neglect the possibility of tunneling transitionstween

recombination centers. If the wave functions of these local-

_ 1 {(no+ny+An)(An—Ap) N Ann, ized states overlap to an appreciable extent, then such tun-
gE_rno N No+ Ny neling transitions can affect properties such as lifetime and
mobility. A well-known example is amorphous silicon, which
_ 1 (pot p.+Ap)(Ap—An) N App; ) contains band-tail states of sufficiently high concentration to
o0 N Pot+P1]° allow “hopping” between them. Hattorét al® recently de-

eveloped a recombination model for amorphous silicon that

Contained three types of electronic states: the bands them-
selves, the band tails, and deep states. Their model allowed
transitions between the bands and both the band-tail and
deep states, as well as between the band-tail states and the
deep states. They also included tunneling transitions between
band-tail states, and found that these were largely respon-
) sible for the form of measured drift mobility data. They did

This expression represents two equations containing thr
unknowns:An, Ap, andge . Manipulating the two expres-
sions on the right-hand side of E7) gives a quadratic
equation involving onlyAn and Ap. Upon applying the
identitiesng/(ng+n4)=p1/(po+p1) andpiny=pgng, the
solution may be written &$

Po—Kps
Pot P2

not, however, include tunneling transitions between deep
states, since their density was kept below’idn 3, and
hence their wave functions are very unlikely to overlap.

An= \/j'—l[A+Ap(k+1)]2—ApN(

- E[A+Ap(k— 1], (8)  Similarly, in this work, we neglect tunneling transitions be-
2 tween the deep states, and any impact this might have on the
where we have defineki= 7,/ 7,0 and lifetime, since in almost all practical cases the density of
recombination centers will be well below ¥cm 3. Band
Npo tails do not normally exist in crystalline silicon, unless it is
A= p0+p1+k(p0+ P1)+no+ny. (9 extremely heavily doped, and so we do not include their

effects here either.

By choosing a range of values farp, we may calculate
the corresponding values first farn, thengg, and finally Ill. COMPARISON OF THE TWO MODELS
the carrier lifetimes viar,=An/ge and 7,=Ap/ge. The ) ) ) .
injection-level-dependent lifetime curves obtained in this Figure 1 provides a direct comparison between the gen-
way may then be compared with the simplified SRH model €ral steady-state solution derived above and the SRH model
Of course it is also possible to expressdirectly in terms of for_the sp_ecmc case 0f_|nte_:rst|t|al iron in (_:rystalllne silicon.
An and N, similarly for 7, in terms of Ap and N. As ex- This Qartlcular recombination center, which has an energy
pected, these expressions reduce to the familiar simplifiek?velilff E,+0.38eV a_ng caet;lre cross sectionsogf=5
SRH model whem is small. However, they are lengthy both <10 ™" and ap,=7x10""cm™*, was chosen because it

to derive and express, as illustrated by Blakerfbie his provide; a good example of Fhe behavior of_a “deep” center.
Sec. 8.4, while the more compact approach shown here iLhree different values of the iron concentration are shown on

more easily computed. the plot. For each of these, four lifetime curves are plotted:

Note that if N is small then Eq.8) simplifies to An the simplified SRH lifetime, the electron and hole lifetimes
=Ap, as expected. Under these conditions the results will b&0M the general steady-state solution, and a mobility-
identical to the simplified SRH model. However, in the gen_welghted combination of these electron and hole lifetimes.

eral caseAn=Ap and, therefores, # 7,. This point has The latter weighted curve will most accurately reflect life-
recently been highlight'ed by Karéghar%\?5who used Eq. time measurements from photoconductance-based methods,

(5) in conjunction with the electroneutrality condition to cal- Which are unable to discriminate between carrier type since
culateAn andAp and, thereforer, and,. In contrast, the t.hey mer_ely record changes in conductivity. The weighted
approach used here involves direct solution of HEgsand  lIfetime is calculated via 7yy=APwa/ge, where the
(2), which implicitly contain the electroneutrality condition. Mobility-weighted excess carrier densiyp,q is given by

It may seem logical at this point to suggest replacing the
use of the simplified SRH model in lifetime spectroscopy Ap :A”Mn+ApMp
applications with this more general solution of the continuity wid Mntpp
equation. Indeed, this would entirely remove the need to be
watchful for trapping effects. However, the general solution The four curves that represent the lowest concentration of
requires explicit knowledge of the value Nf while the sim-  iron are all in good agreement. In this case, the small con-

(10
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th FI.G' 1” %OggaH“f?':. betweznﬂ:he ||nJetct|on-Ie(;/iI ?e;:la_?nthnce of FIG. 2. Comparison between the injection-level dependence of
€ simpiie etime and the electron and hole IIIEUMes as, , simplified SRH lifetime and the electron and hole lifetimes as

cglcu_lated from the gen_eral sFeTad_y-state solution, using the reCOMiculated from the general steady-state solution, using the recom-
bination parameters of interstitial iron. Curves are shown for threeDination parameters of FeB pairs

values of the iron concentration. The electron and hole lifetimes are
plotted against the excess hole concentratign Also shown for
each iron concentration is a fourth curwg,y, which represents the

mobilitijeighted combingtion of,, and Tp plotted against a simi- The upper limit on the recombination center densitfor
larly weighted excess carrier concentratidpyg . which the simplified model is accurate will depend on the
particular properties of the recombination cen(ee., the
centration of centers causes negligible trapping, or, in othegnergy level and capture cross sectjorend also on the
words, a minimal inequality between excess mobile electroflopant density. In general, it will also depend on the concen-
and hole concentrations. The result is electron and hole lifetration of excess carriers, since, if sufficiently numerous,
times that are almost equal at all injection levels, and hencéese may overwhelm any trapping effects. A convenient
one may safely apply the simplified SRH model in this caseWay 0 express this limit is by defining a paramebéy;,

As the iron concentration increases, however, the electrofch that the simplified SRH model is only valid N
and hole lifetimes start to become significantly different, es-<Ncrit: ) ) ]
pecially at the lower injection levels. This reflects an increas- A direct a_lpproa_ch to CaICUIatmg]C”t. is to consider the
ing breakdown of the simplified SRH model. The mobility- excess carrier ratidn/Ap as determ_njed by the gef‘era'
weighted lifetime curves reveal that the large hole IifetimeS'Fe""dy'S‘t"’Ite modellabove. For cond_mons under Wh'(.:h. the
causes the simplified SRH model to underestimate data o imple .SRH _mod_el IS accurate, trap.plng must be nggl|g|ble,

. : and this ratio will be close to unity. An expression for
tained by photoconductance-based techniques. Note, hOVXn/A . .
S . p can be arrived at from Eq7):
ever, that the curves are still in good agreement at higher
injection levels.

The trends shown in Fig. 1 are characteristic of deep re- AN _ No+Nny+An+k(po+py+Ap)+kpN/(po+py)
combination centers, which always generate lifetimes that Ap  ng+n;+An-+Kk(pg+p1+Ap)+ poN/(po+p1)
increasgor remain constahwith increasing injection level.

In contrast, shallow centers can result in either increasing or

decreasing lifetimes, depending on the dopant density and First it is clear from this expression that the right-hand
the exact value of the energy I_e}?éIFeB pairs prpwde an  side will always equal unity when

example of shallow centers in silicon. Figure 2 gives a com-
parison of the SRH model and the general steady-state solu-
tion for FeB pairs, with an energy levélof Ec.—0.23 eV

and capture cross sectiénsf ¢,=3x10** and o,=2

x 10" cm~2. Once again, the results show that the SRH
theory becomes increasingly inaccurate as the recombinatidh this condition holds, trapping wilklways be negligible,
center density increases. For modern spectroscopy teclrrespective of the recombination center dendityln prac-
nigues that rely on the use of SRH theory, the importantice, however, this condition is only satisfied by rare coinci-
guestion then becomes, what is the critical recombinatiomlence. In physical terms, it represents the unique combina-
center density above which the simplified SRH model willtion of energy level and capture cross sections that cause a
be inaccurate? This question is addressed in the followingerfect balance between majority- and minority-carrier
section. trapping?!

IV. THE CRITICAL RECOMBINATION CENTER DENSITY

7no
Po=kpy="""p1. (12
p
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In the more general case, the right-hand side of (&d). 10— T
WI|| also be close to unity when the two terms mvoIvn\g_ p-type Si, N.=10'°cm®
either do not contribute much to the numerator or denomina- 10°E A
tor, or contribute very similarly. A convenient way to express F
this in a single inequality is to state that theagnitude of 10°
their differencemust be much less than the other terms. After B
some rearranging, we then arrive at the following expression < 107 £
for Nt - < &
z°10'g N — = — — —
N ~ (Potp1)ng+ny+An+k(po+pi+Ap)] 13 oF
e Ipo—kpyl - (13 L
If we require the simplified SRH model to be accurate to 10 N\
within 10%, thenN must be at least an order-of-magnitude "
smaller tharN;;. Under high-injection conditions, a greater e L T
concentration of recombination centers can be tolerated, 0 0.2 04 06 08 1
sinceN,;; increases due to thien and Ap terms. However, E-E,(eV)
it is often the value ofN.; under low-injection conditions
that is of interest. For p-type sample withpy= N4 such that FIG. 3. Values of the low-injection limit ofNg;, normalized
No= niZ/pO is negligible, the relevant expression fig;; in with respect td\,= 10" cm ™3, as a function of the recombination
low injection is center energy leveE-E;. Curves are shown for different values
of the capture cross-section rako
(Na+p1)(ny+KkNa+Kkpy)

rit= , (14)  contrast, the expression fdf.;; given in this work also ac-
INA—Kpy| counts for arbitrary modulation, hence the appearancenof

Furthermore, the expression derived here also accounts for

the potential impact of highly asymmetric cross sections, as

This expression can be simplified further if the recombi-

nation centers are deep, meaning that hpffandn,;<Na.  manifested in the value df, which was not considered in
In such cases, providddis not excessively large, then Shockley and Read’s approximate approach.
Figure 3 depicts the dependence of the low-injection limit
N..=N Tho (15) of Ng;;, hormalized with respect th,, as a function of the
erit Arpo ' recombination center energy, which appears indirectly in Eq.

(14) throughn, andp, . Five curves are shown, correspond-

This final expression in fact represents the lowest posing to different values of the capture cross-section rétio
sible, and hence most restrictive, value fiyg; for anyre-  The spikes on the curves correspond to the conditions of Eq.
combination center energy, deep or shallow. In this sensé12)—a very special and narrow range of energies for which
deep levels are most likely to cause the simplified model tahe effect of trapping will be negligible. Of more general
become invalid for a given value ™. This does not neces- interest, however, is the fact that the curves show that there is
sarily mean, however, that they will always be the most dif-a broad range of energy levels near the middle of the band
ficult to study using the simplified SRH model. In general, gap that has the most detrimental impactMyy;. These are
fewer deep recombination centers are required to produce r@ferred to as deep centers, and the magnitude of their impact
given lifetime, counterbalancing the fact thé,; is smaller  on N is determined directly by the value &f
for such centers. Figure 4 shows that the breadth of the flat region due to

Another important feature of this final expression is thatdeep centers is determined by the dopant density. For lightly
Nt depends only on theatio of 7,5 and 7,0, and not on  doped samples, the range of recombination energies that gen-
their magnitudes. This reflects the fact that the centers musrates the most severe trapping is reduced. Furthermore,
not cause significant trapping of carriers, as has been dishallow centers of a given energy level impose a less strin-
cussed above. The extent to which this trapping occurs igent limit onN;, in more lightly doped material. Figures 3
characterized by the ratig,y/ 7,0, since this is essentially a and 4 reveal that whether a center behaves as a deep center
measure of the proportion of time that the carriers remairor not depends not only on its energy, but also on the dopant
untrapped. It is not surprising then that this parameter has density and the value & Therefore, care must be taken to
heavy bearing on the boundaries of accuracy of the simplavoid applying Eq.(15) to centers that, despite having en-
SRH model. ergy levels far from the band edges, may not behave as deep

It is worth noting at this point that Shockley and Read states. It should be noted that in both Figs. 3 and 4, the value
also considered under which conditions their simplifiedof N exceeds 15 cm™2 at some points. It is possible that
theory would be validias discussed in their Appendix)A tunneling transitions between the deep states would signifi-
They concluded that the simplification would hold provided cantly alter the carrier dynamics if the actual value of recom-
N is small compared with any one of,, pgy, Ny, Or p;. bination centerdN also exceeded this value. In such cases a
However, the conditions under which they arrived at thismore complex model such as that developed by Hagtoail.
conclusion were only valid for infinitesimal modulation. In would be required.
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FIG. 5. Comparison between experimental ddtam Ref. §
and modeled lifetime curves for a silicon sample containing inter-
stitial Fe and FeB pairs as the dominant recombination sources.

FIG. 4. Values of the low-injection limit oN;;, normalized
with respect toN,, as a function of the recombination center en-
ergy levelEc-E;. Curves are shown for different values Nf, .

The capture cross-section rakds unity. L .
P y types of recombination centers as “independent,” and then

If a recombination center is known to be deep, thepis ~ Proceed to sum the inverse lifetimes due to each type of
given by Eq.(15) for low-injection conditions. As discussed Center to obtain the effective lifetime. N
above, interstitial iron is a deep center in silicon, and its low I using this approach, it is assumed that any additional
value ofk results in a limit ofN,=1.4x 102 cm™3 for the ~ terms arising from interactions between the various types of
dopant density in Fig. 1N,= 10> cm™3). The plots in Fig. centers are negligibfe. If being used in conjunction with the
1 show that wherN<N,; (i.e., theN=10" cm 2 case, simplified SRH model, it is only valid wheall types of
the SRH model is accurate across all injection levels. Fofecombination centers are present in small enough quantities
higher recombination center densities, mid- to high-injectionf® @void trapping, that is, they must all satisfy the require-
lifetime measurements may still be accurately modeled witfM€NtN<Nc;;. Even if only one such center traps carriers to
SRH theory, provided the excess carrier concentration is high"Y Significant extent, the resulting change in the free-carrier
enough to ensure that<N,;, whereNg; is given by Eq. populations can cause very large changes to the recombina-
(13). tion dynamics ofall the centers. An extreme case is de-

For shallow centers, the value ®f.; depends on the SCribed by the Hombeck-Haynes modiwhich was devel-
factorsn, andp; also. An example of such a shallow center 9P€d for the situation in which one type of center acts only
is given by FeB pairs, which give a value of,,=3.6 aS2a recombination center,_and another o_nly as a trap. This
X 105 cm2 for the conditions in Fig. 2X,= 10 cm™3). model shows that the trapping centers do indeed have a dra-

Once again, the curves reveal that the valudlgg provides matic impact on the behavior of the recombination centers,

an effective demarcation between the regions over Whicl"fmd has been 'useld to explain 'u.nusual photocond_uctance
SRH theory is valid for all injection levels and those over measurements in sm_gle-cgystal silicon and germaffiart
which it is not. It should be noted that, while referred to asand multicrystalline silicori

shallow, FeB pairs are still some considerable distance from

the conduction-band edge. As a result, the terms containing B. An experimental example

n, andp in Eq. (13) moderate the value o, but not to . s
a massive extent. However, for very shallow centblg; is Figure 5 shows photoconductance-based lifetime mea-
likely to be much larger, due to the overwhelming magnitudesurements’ takgn from Ref. 6, Of,a silicon _sample W'Fh a total
- Fe concentration of 2610 cm 3. The iron was intro-
of eitherp, or n;. L : :
duced by ion implantation, and the sample annealed to dis-
tribute the iron uniformly throughout the bulk, taking care to
avoid precipitatiorf. The lifetime measurement was per-
In many practical situations, more than one type of reformed using the quasi-steady-state photoconductance
combination center may be present in significant quantitiestechnique®® Unfortunately, it was not possible to measure
As mentioned, one such example is provided by interstitiathe iron-related lifetime at lower carrier densities than
iron and FeB pairs. Both centers may occur with similarshown, because of the existence of trapping centers associ-
concentrations, and both may impact significantly on theated with the surface passivating film, which overwhelm the
overall, oreffective recombination lifetime. photoconductanc®ln this sample, only 20% of the iron was
A question naturally arises as to how to correctly dealpresent in interstitial form, and the rest was paired with bo-
with such cases. A common approach is to treat the differermon dopant ions.

A. Modeling more than one type of center simultaneously
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Also shown are the simplified SRH lifetimes for the rel- Since interstitial iron accounts for about only half of the total
evant concentrations of Fand FeB pairs, calculated using recombination lifetime at this carrier density, the effective
the capture cross sections and energy levels given above, aalue forAp is around 210 cm 3.
well as the combined lifetime achieved by adding the in-
verses of these two components. The general, mobility- V. CONCLUSIONS
weighted steady-state solutions are also shown. The general o )
solution and the simplified model are in good agreement for The simplified Shockley-Read-Hall model is a powerful
all injection levels for the FeB pairs, but a discrepancy@nd widely used tool in lifetime-based techniques for char-
emerges at lower carrier concentration fof F&s a result, a ~ acterizing impurities and defects in semiconductors. How-
similar disagreement appears for the combined recombingVer, to be confident that its use is valid, it is necessary to
tion lifetimes. verify that the recombination center densily is small

The values of No; for this dopant density (9 enough to avoid excessive trapping effects. An expression
X 108 cm3) are 1.6< 10 and 3.6< 10 cm 3 for intersti-  for the critical value ofN, above which the simplified SRH
tial iron and FeB pairs, respectively. Therefore, we expecinodel becomes invalid, has been presented. It reveals that
the simplified theory to be valid for all injection levels for e most severe restrictions on the region of validity of the
the FeB pair component, SincMees<Ngires. THiS is simplified SRH model occur for deep centers with highly
clearly not true for the interstitial iron component, however,28SyMmetric capture cross sections. These restrictions should
As a result, the simple SRH model is not valid for this be c0n5|dered rqu_tme_ly when using spectroscopic techmq_ues
sample across all injection levels. However, at higher injec-t?ased on e!ther injection-level or temperature-dependent life-
tion levels the simplified model remains valid due to thelime modeling.
swamping of the trapping effects by excess carriers. For trap-
ping effects to impact on the measurement by no more than ACKNOWLEDGMENTS
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