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Direct Observation of Intercenter Charge Transfer in Dominant Nonradiative
Recombination Channels in Silicon
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We present direct observations on the alternating roles of a defect level in trapping and recombination
processes of nonequilibrium charge carriers in silicon, by combined photoluminescence and magnetic-
resonance techniques, where the microscopic signature of the defect can be monitored unambiguously.
Intercenter charge-transfer processes are shown to be efficient and important in the trapping and recom-
bination processes of the carriers, beyond the framework of the established Shockley-Read-Hall model.

PACS numbers: 72.20.Jv, 71.55.Ht

Trapping and recombination (denoted below as TR) of
nonequilibrium charge carriers at defect levels are among
the most important processes in semiconductor physics
and technology. These processes have been widely de-
scribed in the past decades by the Shockley-Read-Hall
(SRH) model [1], where electrons and holes can be suc-
cessively captured by a single defect level in the forbidden
energy gap and recombine. Within this model, various
physical mechanisms responsible for the carrier capture
and recombination via the defect level have been dis-
cussed, including Auger [2], optical [3], multiphonon [4],
and cascade [5] processes.

One of the limitations in the treatment by these exist-
ing models is obviously that they only describe recom-
bination processes involving independent defect centers.
The only link which has been considered so far between
the centers is indirect, i.e., the excess carriers thermally
emitted from one center to the bands can be subsequently
captured by other centers [1], as shown in Fig. 1(a). The
role of direct intercenter interactions in carrier TR as
shown in Fig. 1(b) has been largely ignored, due to a lack
of experimental evidence. Distant donor-acceptor pair

Center 1 Center 2 Center 1 Center 2
7% v KB Z 4
enl‘ Cn1 1
A €n2 Cn2 T21
e T,
Cp1 €p1 A
cp ey
v 7 7 /)
(a) (b)
FIG. 1. (a) Schematic picture for the trapping and recom-

bination processes of nonequilibrium carriers at independent de-
fects, considered in the SRH model. (b) The intercenter
charge-transfer process considered in this work, in addition to
the processes shown in (a).
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recombination is generally believed to be inefficient in sil-
icon [6].

In this Letter, we shall present a direct observation of
the alternating roles of a defect level in TR processes of
nonequilibrium charge carriers in silicon by a novel ap-
proach of combined photoluminescence (PL) and mag-
netic-resonance techniques. Efficient intercenter charge
transfer is observed and shown to represent an important
shunt for the carrier recombination beyond the SRH
model. In this way the total recombination rate can be
enhanced, since efficient electron capture of one center
can be combined with efficient hole capture of another
center. Typical examples are given by the shallow phos-
phorus substitutional donors [with a (0/+) energy level
at E.—0.045 eV [7]1] and the deep-vacancy-oxygen (V-
0O) complex [with a (—/0) energy level at E. —0.17 eV
[8]]. Both of them are among the most common defects
in silicon. Data about the samples used in this work are
given in Table I.

The methods we employed in this work are electron
spin resonance (ESR) and optically detected magnetic
resonance (ODMR). The advantage of such an approach
is that a direct correlation to a defect center is unambigu-
ous, since the microscopic signature of the defect is moni-
tored directly in both cases. If a defect level acts as an
efficient carrier trap, i.e., the lifetime of the carriers
trapped at the defect is sufficiently long at low tempera-
ture, an appreciable steady-state carrier occupation on

TABLE 1. Properties of the n-type Czochralski-grown Si
samples studied in this work.

Shallow P Dose of
dopant e ~ irradiation
Sample (10'"%cm %) (10" cm ~2) Annealing
1 ~0.5 ~4
2 ~8 ~4 250°C/20 min
3 ~8
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this level can be established during excitation or injection.
The ESR technique is then highly appropriate [9]. If a
defect level on the other hand acts as an efficient recom-
bination channel for the charged carriers, i.e., the carriers
trapped at the defect are short lived, the opposite situa-
tion is relevant. The ODMR technique is then highly ap-
propriate, since any spin-resonant transitions between the
magnetic sublevels of the defect may result in an
enhanced (nonradiative) carrier recombination via the
defect level, and consequently to some extent quench the
PL emissions from other defects, which is detected as a
negative signal in the ODMR [10,11]. The technique is
thus only sensitive to dominant recombination channels.
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In Fig. 2(a) we show energy-level schemes of the P
donor and the V-O complex, for the three samples taken
as examples in this work. In Figs. 2(b) and 2(c) photo-
ESR and ODMR spectra are shown, respectively, for
each sample.

In the ODMR spectrum from sample 1 shown in Fig.
2(c), besides the central doublet ODMR lines which will
be discussed below as arising from the P donors, another
set of ODMR lines appear to be strong. They originate
from the spin-triplet excited state of the ¥-O center in its
neutral charge state [12]. The corresponding photo-ESR
signal is very weak. This strong negative ODMR signal
shows that the neutral excited state of the V-O complex
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FIG. 2. (a) Schematic picture for the energy-level diagrams and the TR processes of nonequilibrium charge carriers, where the
dashed lines represent the quasi Fermi level. The thicker full lines mark the spin-dependent processes detected in the ODMR. (b)
The photo-ESR spectra at 10 K with a calibrated scale. (c) The ODMR spectra at 10 K. Additional lines around the P doublet in
the photo-ESR spectrum from sample 3 and in the ODMR spectrum from sample 2 arise from other centers, not discussed in this

paper.
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serves effectively as a recombination channel for the pho-
toexcited charge carriers. The recombination processes
involved can be explained with the aid of Fig. 2(a). First
the excess conduction electron is captured by the neutral
V-O complex, either directly via its own (—/0) level or
indirectly via the (0/+) level of the P donors followed by
the charge transfer to the V-O complex, as will be dis-
cussed below in detail. Then the photocreated hole is suc-
cessively captured, either via the (—/0) level directly
leading to the neutral ground state or via the (—/0)* lev-
el leading to the neutral spin-triplet excited state of the
V-0 center.

In sample 2, having a higher P concentration but simi-
lar V-O concentration, very little of the spin-triplet
ODMR signal from the V-O center can be seen. The V-
O (—/0) level is thus no longer part of an important
recombination channel but behaves now mainly like an
electron trap, which is supported by the experimental ob-
servation of a weak photo-ESR signal related to the nega-
tive ground state of the ¥-O complex [13] if one increases
the ESR detection sensitivity by at least one order.

We have shown above that the deep-level defects such
as the V-O complex can act alternatively either as a car-
rier trap or as a carrier recombination center. This has
been observed before by other techniques [14]. We shall
show that the same situation occurs for a shallow-level
defect such as the P donor, which is in general believed to
behave only as a carrier trap.

In sample 3 a strong ESR signal from the P donor in
its neutral-charge ground state is observed, where the
characteristic doublet hyperfine (HF) structure of the P
donors (corresponding to the nuclear spin =% of the
3P atom with 100% natural abundance [15]) can be
clearly seen. No ODMR signal related to such an ESR
transition could be detected. In this case, the electrons
are readily captured by the P donors at low temperature
(10 K). Because of the much smaller capture cross sec-
tion of the valence-band holes by the neutral P donors
(6,~10720-10 "% cm? as compared to o,~107'0-
10 7" ¢m?) [16] and very few deep defect levels present,
the lifetime of the trapped electrons is very long [6].
Consequently a nearly complete electron filling at this
level is achieved. Recombination process between the
electrons and the holes can be neglected.

On the contrary, the P donors in samples 1 and 2 act as
a very strong recombination channel for the free carriers,
as can be seen by the strong negative ODMR signal relat-
ed to the neutral P donors (Fig. 2). Very little can be
seen in a photo-ESR spectrum from these samples,
though the concentration of the P donors is well above the
detection limit, which indicates that the P level is nearly
empty. The level will still capture electrons strongly, as
in sample 3, but the carrier recombination via this level is
more efficient, leading to a very short lifetime of the
trapped electrons. This efficient recombination is not due
to a successive capture of holes at the neutral P donors
(electron already trapped) directly from the valence band
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[16]. The electron-hole recombination process can in this
case be understood in the following way: The electrons
are first captured by the P donors and are transferred to
deep centers, where they recombine with the holes cap-
tured by the deep centers. This is symbolically shown in
Fig. 2(a), where X" represents the deep center X in the n
charge state (n for the net excess charges). Examples of
such deep centers include the V-O complex and the
phosphorus-vacancy complex, which are known to be
among the dominant products of the electron irradiation
in our samples.

Such a charge transfer can be very efficient, as partly
indicated by the very short time scale in the photo-ESR
data for a higher frequency modulation, where the P-
donor ESR signal starts to be apparent only at frequen-
cies higher than 50 kHz when the spin flips start to feel
the kinetic charge-transfer process. In fact, there are two
main processes occurring while the P donor is in the neu-
tral ground state after the capture of the electron: charge
(electron) transfer to other deeper centers, or binding an
exciton. Since the bound-exciton formation at the neutral
P donors is quite efficient [17] (estimated to be in the
sub-us range in our experimental conditions), the inter-
center electron-transfer process must be even faster. It is
even more efficient than the filling of the level by cascade
capture of the conduction electrons or the excitonic
Auger capture of electrons [18] by the positively charged
P donor, since the fraction of the electron occupation on
the donor level is very low. The transfer process is largely
facilitated by a rather extended wave function of the P-
donor electrons. This may be one of the reasons why the
recombination of the bound excitons at the neutral P
donors vanishes after irradiation by high energetic parti-
cles. Such a strong electron-transfer process, however,
has been ignored in the past in the existing treatment of
the TR processes of the nonequilibrium carriers in semi-
conductors.

In order to have a more general and complete descrip-
tion of the carrier TR processes, a term such as
— Tijnriprj+ Tjinrjpri should therefore be added to the
rate equations to describe the evolution of the filling of
the ith center due to its charge transfer to the jth center.
Here ny; and p7; denote the filled and empty level for the
ith center. The parameter Tj; is the charge-transfer
coefficient from the ith center to the jth center.

As an example we consider a simple case of two in-
teracting defect centers with only one level each, as
shown in Fig. 1. The rate equations can be written as

dn/dt = —cunpri+eninri — caanpratennra,

dp/dt = —c,ipnri+e,ipri—cppnrateppra,

dnr\/dt = c,inpri —eninri —cpipnriteppr
—Tuonripr2tTanrpr,

dnra/dt = cponprs —enanrar— cpapnratepapr2

+Tnripra— Tanrapr: -
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To illustrate how the charge transfer affects the carrier
TR, we take a simplified case assuming that the defect
level 1 (or 2) is a strong electron (or hole) trap and the
thermal emissions can be neglected. In the absence of the
charge transfer, nyy =Ny, 1,1— ; pry=Nj, T,2—> oo;
ta=1/cyipri— ; and t,=1/c,onr— o. (Here 7,
and 7,; denote the electron and hole lifetime at levels 1
and 2, respectively. 7,, and 7, are the lifetime for the free
electrons and holes.) This means that the levels act as
strong carrier traps as they should. If the charge trans-
fer is dominating, on the other hand, nr) <N, 7,
= Tuimin=1/T12N2 praKNa Tp2— Tpomin=1/T12Ny;
an’Tn,min—_-l/CnlNl; and Tp— Tp,min=l/cp2N2- In
other words, the defect levels act as strong carrier recom-
bination channels in this case. The levels are sparsely
populated and the carrier lifetimes reach the minimum
values due to the efficient carrier recombination bridged
by the strong charge transfer. These predictions are in
full agreement with our experimental observations. If we
estimate that only a few percent of the P-donor levels are
filled in samples 1 and 2, the electron-transfer process
should be 2 orders of magnitude more efficient than the
electron filling to the levels, i.e., in a range of 10 ns or
less.

The efficient charge transfer discussed in this work
cannot be explained by a radiative process, since it is gen-
erally believed to be less efficient [16]. This leaves cas-
cade, multiphonon, and Auger processes, where the ener-
gy dissipation during the charge transfer is done by emit-
ting phonons or Auger particles due to electron-phonon
and electron-electron interactions. It is a subject of fu-
ture work to reveal the mechanism responsible in each
case.

To summarize, we have observed directly the alternat-
ing roles of both shallow and deep defect levels (repre-
sented by the shallow P donor level and the deep levels re-
lated to the ¥-O complex in silicon) in the TR processes
of nonequilibrium charged carriers in a semiconductor,
by photo-ESR and ODMR techniques where the identity
of the defects and their charge states is unambiguous.
The intercenter charge-transfer processes, especially
when a shallow defect is involved, have been shown to be
very efficient. These processes are often involved in the
dominant recombination channels, which has not been
realized previously. This leads to the rather surprising
observation that even a shallow hydrogenic level such as
the P-donor level can act as an efficient recombination
channel for the excess electrons and holes in certain cir-

cumstances. In other words, carrier capture to a deep
level can be either direct as has been discussed in the ex-
isting theory, or indirect via some intermediate shallow
levels of other centers. This work therefore strongly indi-
cates the need of a more complete consideration beyond
the framework of the SRH statistics in the modeling of
the TR processes of excess carriers in semiconductors, to
include the intercenter charge transfer.
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