
VOLUME 68, NUMBER 7 PHYSICAL REVIEW LETTERS 17 FEBRUARY 1992

Charge-State-Dependent Diffusion and Carrier-Emission-Limited Drift of Iron in Silicon
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The behavior of iron in silicon during low-temperature annealing was studied. The influence of elec-
tric fields on the underlying defect reactions is detailed. The depth profiles reveal Fe; outdiffusion and

no precipitation in the bulk up to 470 K. In the presence of electric fields, the kinetics differ consider-
ably and can be understood in terms of carrier-emission-limited iron drift. Consequences of this mecha-
nism are discussed. The outdiffusion and drift data indicate a charge-state-dependent diffusion mecha-
nism, in contrast to the generally accepted lack of any charge-state effect.

PACS numbers: 61.70.%p, 61.70.At, 66.30.3t

Considerable motion of iron atoms in silicon can occur
at moderate temperatures (below 500 K) when they are
dissolved in the matrix at interstitial sites. The corre-
sponding high diffusion coefficient enables various defect
reactions, which have been the subject of many interest-
ing works [1-3]. Nevertheless, not all the observed
mechanisms involving interstitial iron (Fe;) are fully un-

derstood today. In a recently published work [4], irrever-
sible loss of Fe; in p-type silicon after annealing at tem-
peratures around 400 K has been observed by deep-level
transient spectroscopy (DLTS). At these temperatures,
the well-known iron-acceptor pairs are completely disso-
ciated and do not contribute to the loss of Fe; [1,2]. The
role of the iron charge state (positive in p-type material
and neutral in the depletion region) was studied, by
measuring the precipitation kinetics in p-type silicon suc-
cessively under zero voltage and under reverse bias.
After annealing under zero bias, first-order kinetics were
found, indicating a diffusion-limited precipitation of posi-
tively charged Fe; on extended defects. A considerably
faster loss of neutral Fe; was observed during reverse bias
annealing, following a law proportional to exp[( —t/
r ) ~ ]. This behavior was tentatively ascribed to
diffusion-limited precipitation of neutral Fe; on growing
nucleation centers according to the model of Ham [5].

In this work we report on the irreversible loss of Fe; in

n-type silicon, where it is neutral, during isothermal an-

nealing. In order to further investigate the previously re-
ported enhanced Fe; loss in the depletion region, the
influence of external electric fields on the Fe; behavior is

studied.
For our investigation we used Czochralski- and float-

zone-grown n-type silicon, with a phosphorus concentra-
tion in the range of (0.5-5) &&10'' cm '. After chemical
cleaning, the samples were scratched on both sides with

an ultrapure (99.9999%) iron wire. They were then an-
nealed in argon atmosphere at temperatures between
1200 and 1350 K for 30 to 120 min, and quenched in wa-

ter, in order to yield a uniform interstitial iron depth dis-
tribution. A few tens of microns were removed by chemi-
cal etching and semitransparent gold dots were evaporat-
ed to form Schottky diodes for electrical characterization.

Fe; is known to introduce a donor level at 0.39 eV from
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FIG. l. Depth profiles of interstitial iron in n-type silicon

after various annealing times. The dashed curve was taken as a

boundary condition.

the valence band, which can be easily detected by
infrared-light-induced optical transitions [6]. The result-

ing photocapacitance signal is proportional to the Fe;
concentration. This technique can also be used in a
differential mode in order to analyze the iron depth
profile [7].

Isothermal annealing kinetics have been recorded at

temperatures below 470 K, the sample being either zero
or reverse biased ( —10 V). In the latter case, photo-
capacitance measurements have been performed with a
reverse bias lower than —10 V in order to analyze a re-

gion located in the depletion region during annealing.
The results obtained after annealing under zero bias

have been described in detail in Ref. [7]. Briefly, the
measured kinetics were diA'erent from the behavior ob-
served in p-type silicon for both positively charged (under
zero bias) and neutral Fe; (under reverse bias). The loss

of Fe; was considerably slower following a "non-first-
order" evolution. The results could, however, be success-
fully adjusted by considering the iron outdiA'usion as the
responsible mechanism. This was confirmed by the Fe;
depth distribution recorded after isothermal annealing,
shown in Fig. 1. The solid lines are calculated error func-
tions and are seen to fit the experimental results extreme-

ly well. The observations indicate that the stability of
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Fe,. is higher as compared to Fe;+, the major sink for Fe;
being the sample surface. This is coherent with the ab-
sence of long-range Coulombic forces for Fe;. In Fig. 1,
the iron concentration surprisingly vanishes at approxi-
mately 1 pm from the sample surface. A good fit could
only be obtained when taking this limit as a boundary
condition. The physical reason for this behavior will ap-
pear below.

The Fe; behavior changes considerably when the sam-

ples are reverse biased during annealing. The corre-
sponding isothermal annealing data are shown in Fig. 2.
The concentration of Fe; decreases faster than without

applied voltage and follows an exponential law. The loss
rate is found to increase strongly with the phosphorus
concentration, as revealed by curves (2) and (4). Iron
depth profiles measured after annealing at 400 K with an

applied reverse bias ( —10 V) for various durations clear-
ly showed the Fe; concentration to decrease uniformly
over the entire depletion region [8].

The reaction responsible for the loss of Fe; is irreversi-

ble, as subsequent annealing at zero bias does not yield a
uniform increase of the Fe; concentration, but rather a
pure diffusion process which flattens the initially steep
iron depth profile. This is clearly shown in Fig. 3, where
the numerical solution of Fick's difl'usion equation, with

the open squares taken as the initial condition, fits the ex-
perimental data well. The Fe; diffusion coefficient was ad-

justed to yield the best fit to the experimental results and
will be discussed later.

The above results are rather surprising as Fe; is known

to be neutral in both the depletion and neutral regions of
an n-type Schottky diode, according to the position of its
associated deep level. To understand this unexpected be-
havior, one has to remember that in the depletion region
the iron atoms are not constantly neutral. Indeed, from
Shockley-Read-Hall statistics [9] we know that in a
high-field region, where no carrier capture occurs, the
charge state of a defect is completely determined by elec-
tron and hole emission processes. The average fraction

a[Fe, ] a'[Fe, ] a[Fe, ]E(x)
ar

=
g 2 "" ex

(2)

where D is the Fe; diffusion coefficient and E(x) the elec-
tric field. The effective mobility p,a is defined by pf+,
where p is the iron mobility. It takes into account the
electron emission step necessary for drift of Fe; in the
presence of an electric field. According to the tempera-
ture range investigated, any loss of iron in the bulk, due
for example to precipitation, is neglected [7]. Looking at
the first-order decrease of Fe;, some simplifications can be
made which lead to an analytical solution of Eq. (2).
Namely, the Fe; concentration is initially constant across
the whole sample. Hence, at least at the beginning of the
annealing, the Fe; concentration gradient (t)[Fe;]/t)x) in

Eq. (2) is negligible, yielding

t)[Fe;] t)E( )
8r eix

p.rr Fe. (3)

f of positively charged Fe; in a depletion region is given

by

f+ =e„/(e„+ep),

where e„and e„are the hole and electron emission rates.
For the Fe; donor level, which has a much higher elec-

tron (cr„) than hole (a„) capture cross section [6,10], the
ionized fraction at 400 K is about a few percent. This
means that during annealing under high electric fields, a
non-negligible amount of iron is charged and may drift
out of the depletion region. For example, in the case of
n-type silicon Fe; would drift towards the sample surface.

Considering this mechanism in a depletion region of a
Schottky diode, it is easily shown that the decrease of
iron in this region follows an exponential law. As a
matter of fact, the iron concentration is a solution of the
diffusion equation
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FIG. 2. Normalized Fe; concentration after isothermal an-
nealing with applied reverse bias. For curves (l)-(3) the phos-
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a numerical solution of the diffusion equation with D 1.25
x10 ' cm s '. The data shown as open squares were taken
as the initial condition.
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Using the expression of the electric-field gradient in a de-
pletion region for uniform doping lVd, Eq. (3) can be
rewritten as

t) [Fe;] qNd= —p, lr Fe;
c

where c is the dielectric constant of silicon. Using expres-
sion (I) for p, s., Eq. (4) leads to an exponential decrease
of the Fe; concentration with the rate

(5)) q NJDe„
ck T(e„+ep )

Fin"lly as the rate is independent of depth, the Fe; distri-
bution will remain IIat and Eq. (4) is valid even for larger
times, provided the Fe; concentration is evaluated far
enough from the edge of the depletion region. Equations
(4) and (5) explain in a simple way all of the experimen-
tal findings: the first-order kinetics, the doping-level
dependence of the loss rate, and the irreversibility of the
defect reaction.

In Eq. (2) we did not make explicit a possible charge-
state-dependent Fe; diffusion coefficient. However, as
only the drift term was shown to be significant in our ex-
periment, the diffusion coefficient in expression (5) corre-
sponds to the positively charged iron. In other words, the
drift of iron in the depletion region is limited by a carrier
emission step, necessary to render iron positively charged.
Using a„=5.6X 10 ' exp[ —(0.048 eV)/kT] cm or
hole capture and a.„=10 XT i cm for elect~on
capture, as published respectively by Brotherton, Bradley,
and Gill [10] and Lemke [6], we can get Fe;+ diffusion
data as a function of temperature. The results are plotted
in Fig. 4 and will be discussed below.

A better understanding of the annealing results in both
n-type and p-type silicon is pcssible when taking into ac-
count carrier-emission-limited drift of Fe;. In n-type sil-

icon, the boundary condition at 1 pm below the surface in

Fig. 1 corresponds to the depletion region width under

zero bias of the Schottky barrier. The electric field ex-
tends the effective sink for Fe; to a 1-pm-thick layer. In
the absence of a Schottky barrier, it is the energy band
bending close to the sample surface which determines the
effective sink width.

In p-type silicon, outdiffusion of Fe; has not been ob-
served [4]. It appears that the presence of the electric
field in the zero-bias depletion region is responsible for
this behavior. Indeed, according to the direction of the
electric field in this material, Fe; drifts towards the bulk,
hindering outdiffusion. The double-DLTS depth profile
measurements shown in Fig. 5 reveal that the same mech-
anism is responsible for the annealing kinetics observed
under reverse bias and reported in Ref. [4]. The data
sho~n as open circles correspond to the initial depth dis-
tribution of iron-acceptor pairs in the samples of Ref. [4].
Because of room temperature storage, this is identical to
the distribution of total iron dissolved in the matrix, as
each interstitial iron atom is linked to an acceptor atom.
The measured Fe; distribution after annealing at 390 K
under —8 V for 80 min is shown by the solid circles and
can be qualitatively understood in the following way.
During annealing, iron-acceptor pairs dissociate and free
iron atoms are submitted to carrier-emission-limited drift
towards the bulk, leading to the observed Fe; accumula-
tion around 2 pm. The decrease in Fe; concentration in
the neutral region is due to iron-acceptor pairing during
cooldown.

To our knowledge, this is the first observation of a
carrier-emission-limited impurity drift and we would like
to emphasize that this mechanism can lead to some im-

portant practical consequences. In operating power de-
vices, for example, strong electric fields and moderate
temperatures are easily achieved, exposing these devices
to similar defect motion and perhaps to related instabili-
ties. For instance, interstitial iron should accumulate in

the p-type region of a p+n junction, according to the
direction of the electric field in the depletion region.
Thus even for an initially low uniform iron contamina-
tion, the iron concentration in the p-type region can rise
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above a crit&cal value for these devices.
Let us now discuss the diffusion coefficient data ob-

tained by the above measurements and summarized in

Fig. 4. The data determined from reverse-bias annealing
experiments describe the iron diffusion in its positive
charge state. Iron-acceptor pairing kinetics at tempera-
tures between 300 and 350 K has been used by several
authors [4,11] to measure the iron diffusion coefficient.
They found that D(Fe;+) =1.4X10 exp[ —(0.69 eV)/
kT] which, evaluated between 400 and 470 K, fits well
with our data. The slight deviation towards higher values

may be due to the capture cross sections used to calculate
the diffusion coefficient. Indeed, they have been extrapo-
lated from measurements performed at a much lower
temperature range than our annealing experiments. Nev-
ertheless, the agreement between both sets of data
confirms the carrier-emission-limited drift to be responsi-
ble for the reverse-bias annealing results.

Annealing under zero bias led to the diffusion data for
neutral iron [7] and is best fitted by the expression
D(Fe; ) =10 'exp[ —(0.84 eV)/kT] [see curve (1) in

Fig. 4], which is considerably different from the diffusion

coefficient of positively charged iron. Furthermore, the
D(Fe; ) value obtained from the results in Fig. 3 nearly
coincides with curve (I) and strengthens the assertion of
a charge-state-dependent diffusion coefficient discussed in

Ref. [7]. The nearly one order of magnitude variation of
D with the iron charge state is indeed well above experi-
mental error, especially as both data sets have been ob-
tained in the same sample, changing only the applied
bias. This is the first evidence for a charge-state-
dependent Fe; diffusion mechanism. The reason that it
was not previously detected may be due to the fact that
the diffusion coefficient difference is low at higher tem-
peratures. The data published by Schwalbach et al. [12],
also shown in Fig. 4, correspond to neutral Fe; diffusion.
However, in the investigated temperature range, the
charge-state effect is small and difficult to detect. On the
other side, the effect increases towards low temperatures.
The ratio D(Fe;+ )/D (Fe; ) is about 50 at 300 K,
affecting considerably the behavior of iron in diffusion-
limited reactions.

In conclusion, the kinetic analysis with or without ap-
plied voltage allowed us to observe iron drift limited by a
carrier emission step. The large discrepancy between
electron and hole capture cross sections of the iron donor
level is responsible for the unexpected magnitude of this
mechanism in our experiment. In general, when studying
defect reactions involving neutral species under strong
electric fields, carrier-emission-limited drift should be
considered.

Finally, the kinetic analysis led to diffusion data of iron
in both charge states and revealed a charge-state-de-
pendent diffusion mechanism of iron in silicon.
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