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Si-NLl0: Paramagnetic Acceptor State of the Silicon Thermal Donor

H. H. P. Th. Bekman, T. Gregorkiewicz,k) and C. A. J. Ammerlaan
Natuurkundig Laboratorium der Uniuersiteit van Amsterdam, l0l8 XE Amstetdam, The Netherlands

(Rcceivcd 14 Deccmbcr l9E7)

Electron paramagnetic r€sonance studies on several donor- and acceptor-doped, oxygen-rich, silicon
samples have been performed. The intensity of the spectrum Si-NLl0 has been investigated as a func-
tion of heat-treatment time, temperature, and illumination. The results provide evidence for an acceptor
character of the Si-NLl0 ccnter strongly supporting the reccntly proposed idea of relating it to thc sil-
icon thermal donor level TD -.

PACS numbers: ?6.30.Mi, 71.55.Ht

Si-NL8 and Si-NLl0 heat-treatment centersl are Ío-
lated to silicon thermal donors2'3 (TD's) and as such
have been thoroughly studied by both electron param ag-
netic resonance (EPR) and electron nucleàr double reso-
nance (ENOOR) .t'4-6 The centers appear to be very
similar in almost every aspect. Here is short summary of
their most characteristic features:

(a) Both centers are observed in oxygen-rich, p-tyry
óilicon, regardless of the dopant (8, Al, Ga, In) present,
by thermal annealing at a temperature of =450oC, thus
concurrent with the generation of TD's.S Also, the
decomposition of the centers by higher-temperature heat
treatment coincides with the removal of TD's. Additior-
ally, Si-NLl0 can also be created in n-type oxygen-rich
silicon for which the Si-NL8 spectrum is not observed. T

(b) Both centers have a very similar EPR spectrum of
orthorhombic symmetry (point-group 2mm), the differ-
ence being the smaller anisotropy of the Si-NLl0 spec-
trum in comparison to Si-NL8. I

(c) The centers undergo transformation with heat-
treatment time, which is evidenced by a gradual change
of the observed g values, the effect first observed for the
Si-NL8 spectrum by Muller, Sieverts, and Ammerlaan.4
Recent studies of the Si-NL l0 center in aluminuÍr-
doped silicond revealed that different species of this
center develop gradually upon heat treatment. Each
species is characteÁzed by a slightly different EPR spec-
trum. As not only the total but also the relative concor-
trations of various species are changing with heat-
treatment time, a characteristic quasicontinuous g-
value-shifting-effect is produced. The symmetry of later
species of the Si-NLlO center was found to be lowered to
monoclinic, although the splitting due to the lower sym-
metry is very small and cannot be resolved by EPR.
Such detailed studies for the Si-NL8 center are not yet
available, but it is most likely that in that case the g
shifting is also caused by the existence of different
species.

It can be concluded on the basis of the above summary
that both centers present ideal candidates to be the EPR
image of TD's in paramagnetie charge states. Moreover,
the concentration of the Si-NL l0 centers is usually in

close correlation with the concentration of TD's as deter-
mined from room-temperature resistivity changes. Re-
cently Lee, Trombetta, and \Matkinss experimentally
identified the Si-NL8 spectrum with the singly ionized
state TD +. This identification stimulated further de-
tailed studies of both centers. Especially the naturelof
the Si-NLl0 center, for which ttre oxygen involvement
has been proven in the meantime,' .pprared rather mys-
terious.

In the detailed ENDOR study that followod,d the mi-
croscopic structure of the Si-NL l0 center has been uo-
raveled. The center has been found to incorporate a
growing number of oxygen atoms, whose clustering
creates most probably interstitial silicon or aluminum (in
the case of aluminum-doped material). The smallest
possible species contained two oxygen atoms; the growth
occurred by subsequent addition of a single oxygen atom
along an [Ott] crystallographic direction. All the oxy-
gen atoms incorporated in the center \ryere in the usual
puckered bond-centered interstitial position, in one [Ot t]
plane. From the available data it was speculated that in
the core of the defect a vacancy was present. In the in-
terpretation of the experimental data two possible

identifications of the Si-NLl0 centêr were proposed.
According to one of them the Si-NLl0 is an (acceptor-

based) oxygen aggregate which grows and transforms
upon annealing, in parallel to the simultaneous develop-
ment of silicon TD's. In that case the center should pro-
duce a single, shallow, effective-mass-like donor level in
the energy gap. The second, more spectacular possibili-
ty, identifies Si-NLl0 as the acceptor state TD -. Such
an identification indeed followed naturally from the mi-
croscopic structural model which involved a vacancy. In
that case the TD0, TD *, and TD + + states would corre-
spond to structures similar to Y0, Y+, and Y+ +, respec-
tively. For the isolated vacatrcy, which has a deep-defect
character, the energy levels are compressed by Jahn-
Teller effects to fit within the silicon band gap. It \ilas
then argued that in the case of the Si-NLl0 center the
presence of a growing oxygen cluster around the vacancy
core would certainly influence the energy-level scheme.
The situation here would be to some extent similar to
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that of the A center for which the presence of an oxygen
atom creates an acceptor level at ^- 170 meV below the
conduction band. l0 Following the analogy with the vê-
cancy and the A center somewhat further, for the
thermal donors also an acceptorlike TD - state, similar
to V-, should be expected. In that case the Si.NLl0
presents itself indeed as an attractive candidate. Apart
from the already mentioned experimental indications
which relate the Si-NLlO to the thermal donors, there
was yet one more characteristic feature: in p'type Írê-
terial the Si-NL l0 spectrum could be observed almost
exclusively under illumination, while for n-type material,
illumination showed almost no effect on the intensity of
the EPR signal.

It was the aim of this project to investigate whether
the Si-NLl0 spectrum could indeed be attributed to the
center of acceptor character.

Following the aim of the study, three kinds of samples

$rere used:
(t) float zoned FZ-SI:AI, doped with oxygen;

tO,l =5x l017 crr -3, tAll -)x l0l5 cÍr -3, ICI s l0ls
-1cm -.

Q) Czochralski gro\ryn Cz-Si:P; [Orl = l.J x l018

cÍÍl -3, [Pl -5 x l0l3 cm -3.
(3)' Cz-Si:P; [o,l = l.t x l0l8 cill -3, [Pl -3x l0l5
-1cm -.

The samples were oriented in such a way that the an-
gular dependence of the EPR spectrum in the {OÏt}
plane could be measured. All the samples were given an

initial heat treatment of + hour at sz l380oC and then
quenched to room temperature in order to disperse the
oxygen. This was followed by annealing at 450oC for
various time durations. After each annealing step both
the EPR spectrum and the room-temperature resistivity
were recorded.

The EPR spectra were measured with a K-band (:23
GHz) superheterodyne spectrometer tuned to dispersion.
The measurements were performed in a temperature
range between 4.2 and s'10 K. The experimental ar-
rangement allowed for white-light illumination of the
sample in the microwave cavity. In the case when the
absolute intensity of the EPR signal was to be deter-
mined, a standard Si:Sb sample was simultaneously in-
serted into the cavity; no (white light) illumination was

used in that case.

In Fig. I the concentration of heat treatment centers

Si-NL8 and Si-NLl0 as obtained from the EPR mea-
surements is compared with the thermal-donor concen-

tration. The latter was calculated from the room-
temperature resistivity changes under the assumption
that each thermal donor contributes two electrons to the
conduction band. The results for the three different
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FIG. l. Concentration of EPR-active heat-treatment centers
with illumination of the sample (triangles) and electrically ac-
tive thermal donors (circles) as a function of annealing time
for a sample of (a) FZ-Si:Al, p type, oxygen doped, type (t),
[Oi]=u Jxl017 cm-3, tAl]-9xl0rs cm-3; and (b) Cz-Si:P, n
type, type Q) [OiJ:l.5xlOrt cffi-3, [Pl-5xl0r3 cm-3
(open symbols) and type (3) [Oi] - t.l x l018 cffi -3, tPI

-3 x l015 cm -3 (filled symbols).
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groups of samples are presented. The solid curves are drawn to guide the eye only. The measurements were performed

with white-light illumination of the sample. As can be noted, in each case the concentration of the Si-NLl0 centers fol-
lows closely the calculated concentration of thermal donors. Especially in the case of z-type material the agreement is

very good; for p-type silicon the observation of the Si-NLl0 center was preceded by the occurrence of the Si-NL8 spec-
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FIG. 2. The influence of temperature and (white light) il-
lumination on the intensity of the Si-NL l0 EPR spectrum for
p- and n-tyry lsample (3)l oxygen-rich silicon.

trum.
Another difference between the n- and p-type materi-

ê1, as far as the Si-NL l0 studies are concerned, is the
influence of light and temperature on the intensity of the
EPR ,signal. This is depicted in Fig. 2 for the samples of
type (t) and (3). For the p-type material the intensity
of the Si-NLlO spectrum depends strongly on (white

light) illumination; in our experiment the observed Si-
NLIO signal was increased by a factor of almost 5 by
shining light on the sample. That effect was clearly
caused by the illumination and not by an increase of the
temperature of the sample which is inevitably connected
with the illumination. For high-resistivity n-type silicon
with relatively low phosphorus concentration a similar,
however, much smaller in magnitude, effect has been ob-
served. In the case of heavily doped samples of type (t),
a small increase of the signal upon illumination (at 4.2

K) turns out to be only seemingly related to the light.
As can be seen in Fig. 2, in that case the intensity of the
Si-NLlO spectrum depends clearly on temperature and

exhibits a maximum at a few degrees above liquid heli-
um (=26 K). The temperature behavior of the Si-NLl0
signal seems to be stronger than in p-type material.

The important experimental observation that in p-type
material the intensity of the Si-NLl0 can strongly be

enhaced by illumination, while such effect is much weak-
er for high-resistivity n-type material [samples of type
(Z)l and practically none for higher phosphorus doping
level [samples of type (l)], poses the question whether in
n-type material the phosphorus donors already provide

the electrons to populate the pertinent Si'NLl0 level.

As in this material the phosphorus EPR spectrum is
present at the same time, its intensity can be monitored
simultaneously with the Si-NLlO signal. In the series of
measurements it was found that the ratio of the intensi-
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FIG. 3. EPR spectrum of the type-(3) sample before an-
nealing (0 h) and after 70 h heat treatment. The EPR sp€c-

trum of the standard antimony-doped silicon sample placed

simultaneously in the cavity is also shown.

ties for the two EPR signals, Si-NLl0 to phosphorus, in-
creased indeed with the annealing time. However, it
could not be decided whether this was entirely due to an

increase of the Si-NLlO signal or that a simultaneous
decrease of the phosphorus donor signal took place. In
that situation an independent measurement was neces-

sary to determine the absolute intensity of the phos'
phorus EPR signal. For this purpose the EPR spectrum
for the sample of type (3) was measured prior to thermal
annealing and after annealing at 450oC for 70 h. To
provide an absolute standard for the intensity, and thus
concentration, determination, a separate small sample of
antimony-doped silicon was simultaneously introduced
into the cavity. The experiment rvas performed without
(white light) illumination. The result is shown in Fig. 3.

As can be seen from the figure the decrease of the
phosphorus-donor signal intensity upon annealing is

unambiguous. The measurement of the temperature-
dependent intensity established the relative decrease of
the phosphorus signal of : l0%o which is in reasonablê

agreement with the concentration of the Si-NLl0
centers and thermal donors.

The results illustrated by Fig. 3 have to be regarded in
connection with the already mentioned earlier observa-

tions that (il in p-type silicon the Si-NLl0 spectrum in-
tensity depends strongly upon illumination while almost
no such effect can be observed in heavily doped n-tyry
material, and (ii) in n-tyry silicon the agreement be'
tween the concentration of thermal donors and the Si-
NLIO centers is especially good. Together this experi-
mental evidence provides, in our opinion, strong indica-
tion of the acceptor character of the Si-NLl0 center.
The position of the corresponding energy level would
have to be very close to that of the phosphorus donor
making it a very deep acceptor level. In n'tyry silicon
the Si-NLlO level could be populated at the expense of
the nearby phosphorus-donor level thus leading to the
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observed decrease of its EPR signal. In p-type oxygen-
rich silicon subjected to heat treatment, the Fermi level
is locked to the thermal-donor level; in that case the Si-
NL l0 center can only be generated by illumination.

If we take into consideration all the available experi-
mental evidence which relates the Si-NLl0 center to
thermal donors, the results of the present study provide
major support to an identification of the Si-NLl0 as the
TD - acceptor state of the silicon thermal donor.

This project was sponsored by the Netherlands Foun-
dation for Fundamental Research on Matter (FOM).
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