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A brief review of original eletron paramagneti resonane (EPR) and eletron{nulear double

resonane (ENDOR) studies on some silion-based strutures with nanorystallites is presented.

The P

b

enter in high-temperature annealed porous silion has been investigated with ENDOR.

High sensetivity of the ENDOR tehnique to hydrogen presene has been found. In Si-, Ge- and

C-implanted layers of SiO

2

and spark-proessed silion the distint silion- and oxygen-vaany

assoiated defets have been identi�ed with EPR. The origin of the defets in spark-proseed Si

is disussed in detail. The resumblene and distintion of the defets in silion-based matries with

nanorystallites illustrate a variety of strutural transformations there. The role of paramagneti

defets in photoluminesene is briey disussed.

Key words: paramagneti defet, nanorystallite, Si-based struture, ion implantation, EPR,

ENDOR.
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INTRODUCTION

Silion is the most widely used semiondutor mate-

rial. Starting with the observation of a strong visible

photoluminesene (PL) from Si layers with high poros-

ity [1℄, there has been onsiderable researh ativity in

the manufaturing of luminesent strutures as well as

in the understanding of the origin of various PL bands.

A number of methods have been developed for prepa-

ration of Si nanorystallites. Among them are the for-

mation of porous silion by eletrohemial dissolution

of monorystalline Si, spark proessing of Si, high dose

ion implantation of Si or Ge atoms into the SiO

2

matrix

and SiO deposition onto various substrates by thermal

evaporation in vauum. With the exeption of eletro-

hemial ething, forming quantum wires overed with

thin natural oxide, most of the methods produe semi-

ondutor nanorystallites embedded in semionduting

or dieletri matrix. The obtained ompound an be a

highly defetive system, involving defets in nanorys-

tallites, overed matrix and their interfae.

Various mehanisms have been proposed for the ex-

planation of the origin of di�erent luminesent bands,

inluding quantum on�nement and eletron-hole reom-

bination at Si/SiO

2

interfae and defet states. In this

respet the identi�ation of the defets in luminesent Si-

based strutures is of partiular interest. Magneti res-

onane tehniques like eletron paramagneti resonane

(EPR) and eletron{nulear double resonane (ENDOR)

are the indispensable tools for identifying defets in rys-

talline and amorphous materials [2℄, they are well suited

for a quantitative study of the volume and surfae de-

fets. The symmetry of defet wave funtion is reeted

in the EPR spetrum through the g-tensor observed. The

implementation of ENDOR tehnique, whih has muh

higher resolution then EPR, allows to study details of

hyper�ne (HF) interation originating from the diverse

nulei with non-zero spins and look into the surroundings

of the unpaired spin of a defet.

A short review of previous and new original EPR and

ENDOR investigations on the above-mentioned stru-

tures is presented in this paper. The role of paramagneti

defets in PL is briey disussed.

I. ENDOR STUDY OF THE P

b

CENTER IN

POROUS SILICON

The dangling bond of a silion atom at the

(111)Si/SiO

2

interfae, alled the P

b

enter, is the dom-

inant paramagneti defet in porous silion [3℄. Initially,

its model was suggested from the observed orientation

of the symmetry axis of g-tensor and HF tensor along

the < 111 > diretions of the silion substrate. It is

denoted as �Si�Si

3

, where the dot symbolizes the un-

paired eletron. After the identi�ation of this defet a

set of EPR studies has been performed in order to deter-

mine the spatial distribution of the P

b

enters and the

extended mirosopi struture of them in the oxide at

the interfae. The use of ENDOR tehnique was unfea-

sible for Si/SiO

2

interfae defets assoiated with ther-

mal oxides on silion owing to a small number of them

(�1.3�10

13

m

�2

). Extremely high surfae areas (up to

600 m

2

/m

3

) of porous silion samples enable to observe

intense EPR lines even at room temperature. The EPR

analysis has revealed the preservation of rystallinity in

the remaining Si skeleton even for high porosity lumines-

ent strutures [3℄.

At �rst, two featureless broad lines at the Larmor fre-

quenies �

L

of

1

H and

19

F nulei were observed in the

ENDOR spetrum [4℄. They were attributed to hydrogen

and uorine atoms passivating dangling bonds whih lo-

ate at some distane from the P

b

enter. It was not

astonishing sine it is well known that bonded hydro-
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gen atoms are always present in thermally oxidized and

porous silion in the form of SiH, SiH

2

and SiOH speies.

An appearane of uorine atoms in porous Si from the

eletrolyte was also awaited.

With high porosity free-standing samples and opti-

mized onditions for ENDOR detetion a new set of lines,

named the N-spetrum, near the Larmor frequeny of

1

H was revealed (Fig. 1a). The observation of an angu-

lar dependene of the N-spetrum is the unambiguous

evidene that hydrogen nulei an oupy ertain dis-

tint positions in the viinity of the P

b

enter [5℄. So,

residing at near paramagneti defet, a proton an serve

as a probe to eluidate the defet struture. We have

examined the \extended" Poindexter's model previously

used for analysis of dipolar interation between P

b

de-

fets [6℄ and found its validity. In this model (111)Si

plane at the interfae is unreonstruted and Si sites form

two-dimensional triangular net of lattie parameter a

L

=

3.84

�

A. It is suggested that the P

b

enters are randomly

distributed over the net.

Fig. 1. The

1

H ENDOR spetrum of the P

b

enter in

porous Si (solid lines) at 4.2 K and its omputer simulation

(thin lines) for as-prepared (a) and annealed in high vauum

at 850

Æ

C for 30 min (b) samples. The orientation of the mag-

neti �eld H k <001>, the Larmor frequeny of

1

H is at 14.44

MHz.

Interesting ENDOR results have been obtained on

high vauum annealed samples of porous Si. After the

annealing at 400

Æ

C, the onentration of the P

b

enters is

inreased about one order of magnitude, the ENDOR sig-

nal is also enhaned and the N-spetrum is still observed.

After subsequent annealing at 550

Æ

C, when, aording

to Ref. [7℄, hydrogen moves o� from the SiH speies, the

ENDOR signal is dereased signi�antly and it is nees-

sary to use higher mirowave and radiofrequeny power

(P

mv

� 50 �W and H

rf

> 1.2 G). Under suh onditions

the N-spetrum is beyond detetability even on the best

free-standing samples (Fig. 1b). Notie that after the an-

nealing of porous Si at 450

Æ

C an additional isotropi line

haraterized by g � 2:006 and peak-to-peak linewidth

of 8 G beomes dominant. This line, probably, is related

to the disoriented P

b

enters. Nevertheless, in spite of

the ENDOR signal derease, the lineshape of the broad

line B leaves unhanged for the samples annealed up to

865

Æ

C. It is not improbable that the hydrogen remainder

belongs to O{H bonds that are more stable than Si{H

bonds. In any ase, this study demonstrates high sensi-

tivity of the ENDOR tehnique to hydrogen presene in

porous Si.

It is known that non-radiative reombination enters

suh as P

b

have a strong inuene on the PL eÆieny.

However, no simple orrelation between them has been

found in highly porous layers of various doping levels [8,

9℄.

II. LIGHT-EMITTING Ge-IMPLANTED SiO

2

LAYERS

Implantation of Si, Ge and C ions into silion oxide

followed by thermal annealing is a promising tehnique

for the formation of nanorystallites in SiO

2

. An impor-

tant advantage of this tehnique is tight ontrol over the

onentration and distribution pro�le of the implanted

atoms, and its full ompatibility with silion tehnology.

Likewise Si

+

and C

+

studies [10, 11℄, the experiments

with implantation of Ge

+

ions were performed with 600

nm SiO

2

�lms grown on a p-type (100)Si substrate.

To reate the \box" pro�le, the SiO

2

matrix was im-

planted with Ge

+

ions of a set of energies E

1

= 20 keV,

E

2

= 50 keV, E

3

= 100 keV, E

4

= 150 keV and total

dose of 3� 10

16

m

�2

. The implantation-indued defets

in SiO

2

layer like E

0



and non-bridging oxygen hole en-

ters (NBOHC) [12℄, denoted as �O�Si�, have been de-

teted by EPR for both Ge and Si implants (Fig. 2a).

The model for an oxygen-vaany assoiated E

0

enter

has been established as an unpaired eletron spin ou-

pying a dangling sp

3

hybrid orbital of a silion bonded

to only three oxygen. It an be denoted as �Si�O

3

. The

distintive feature of the same dose Si

+

-implanted SiO

2

is an ourrene of the EP3 and EP4 defets of the E

0

family and a broad line with g � 2:0020 at a zero ross-

ing (Fig.2 b) whih an be attributed to the Si dangling

bond (DB) point defets in o�-stoihiometri regions of

SiO

2

[10℄.
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Fig. 2. Room temperature EPR spetra of defets indued

by implantation of the Ge

+

and Si

+

ions with a dose of

3�10

16

m

�2

into SiO

2

layers: a | before and following

thermal annealing at ertain temperature for 15 min; b |

simulation of ertain of the spetra, where a �g = 0:0004

distribution was introdued for g

2

and g

3

values to simulate

the spetrum of the Ge(1) enter. All experimental spetra

were deteted with the same spetrometer settings.

In addition, the Ge(1) (with prinipal g values of

g

1

= 2:0008, g

2

= 1:9994 and g

3

= 1:9931) and Ge(2)

(g

1

= 2:0010, g

2

= 1:9978, g

3

= 1:9868) defets have

been revealed for the �rst time in Ge

+

-implanted layers.

Previously, similar EPR lines were observed in Ge-doped

silia-ore optial �ber and in SiO

2

as well as in GeO

2

glasses [13℄. Tentatively, they were assigned to an ele-

tron trapped at the site of an oxygen vaany in a sp

3

orbital of Ge atomwhih is oordinated through bridging

oxygens to one, Ge(1), or two, Ge(2), next-nearest neigh-

bor germaniumatoms. The observed Ge-enters in unan-

nealed samples ould our if onsiderable part of germa-

nium ions substituted for silions after the dissipation of

their energy in the SiO

2

layer. Similary to -irradiated

Ge-doped silia-ore optial �ber [13℄, the intensity of

the Ge(0) and Ge(3) spetra in Ge-implanted SiO

2

sam-

ples is negligible ompared to the Ge(1) and Ge(2) ones.

The relative intensity of the latters is about four in the

unannealed samples. Due to its small intensity, the Ge(2)

spetrum is not observed even after annealing at 200

Æ

C,

while the E

0



defet bleahes more readly than the Ge(1)

enter (Fig. 2b).

It should be pointed out that ontrary to Si-implanted

samples any distint EPR lines with g � 2:0025 have not

been found after annealing at moderate temperatures of

Ge-implanted (Fig. 2b) as well as Ar- and Ne-implanted

SiO

2

layers [10℄. This implies that EP2, EP3 and EP4

defets are related to the regions of silion oxide super-

saturated with silion atoms.

No detetable EPR spetra have been reorded in

Ge

+

- and Si

+

-implanted SiO

2

samples after annealing

at T � 700

Æ

C for 15 min. Another situation ours in

C

+

-implanted and o-implanted SiO

2

, where EPR lines

with g = 2.0025 are deteted even after annealing at

1200

Æ

C for 1 hour [11℄. The same stability against an-

nealing and idential EPR spetrum has been observed

in amorphous arbon �lms. Thus the EPR results give an

additional evidene in farour of the formation of arbon

or/and arbon-rih nanorystallites in SiO

2

. Contrary to

Ge

+

- and Si

+

-implanted SiO

2

samples, the appearane

of features at g � 2:002 and g � 2:008 being harater-

isti of the P

b

enters were observed on the SiO

x

layer

formed after SiO deposition onto various substrates by

thermal vauum evaporation [14℄. As follows from the

EPR and Raman spetra, the oagulation of Si atoms in

this ase leads to the formation of their amorphous phase

at T

ann:

= 900

Æ

C. Aording to Raman data, subsequent

raise of the annealing temperature to 1100

Æ

C leads to the

formation of Si nanorystallites. So the features appear-

ing in the EPR spetra an be attributed to the defets

of nanorystalline-Si/SiO

2

interfae.

The orrelation between hanges in EPR and PL band

peaked at 650 nm arrives at the onlusion that this band

is assoiated with defets or omplexes of defets [14℄.

III. DEFECTS IN SPARK-PROCESSED Si

After the disovery of visible PL from porous silion

it was demonstrated that spark erosion of rystalline Si

in air or in di�erent gas atmosphere yields similar PL

spetra [15℄. The stability of this PL towards degrada-

tion upon ultraviolet radiation was found to be extremely

high. Aording to the transmission eletron mirosopy

and eletron di�ration studies the spark-proessed sili-

on (sp-Si) ontains the islands of silion nanorystallites

of various orientations and sizes embedded in amorphous
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SiO

2

matrix. The sizes of the individual nanorystallites,

whih have a polyrystalline nature, range from 4 nm to

125 nm. It was suggested that the presene of nanorys-

talline strutures is responsible for the visible PL of sp-

Si. Optial and strutural properties were studied in a

suession of works and overviewed in Ref. [16℄. The �rst

detetion of the EPR spetrum in sp-Si was reported [17℄

but none of the defets was identi�ed.

The samples under study were prepared by spark pro-

essing of n-type (111)Si having As onentration of

2�10

19

m

�3

and 400 �m thikness. Unipolar high volt-

age (15 kV) pulses were applied between a tungsten tip

(anode) and a silion substrate (athode). The repetition

frequeny was determined by the voltage soure and was

set to be 16 kHz. Below the tungsten tip, whih was

separated by 1 mm gap from the Si wafer, the spark

proess reates irular patterns on the Si surfae. Af-

ter spark proessing for 1 h, a lateral diameter of about

3 mm and maximumdepth of about 200 �m in the enter

were reahed. Two sets of samples were studied, spark-

proessed under stagnant air onditions for 0.5 h and

1 h and under owing air onditions for 0.5 h, 1 h and

2 h. Some of sp-Si samples were thermally annealed for

15 min in nitrogen ambient at temperatures ranging from

200

Æ

C to 1100

Æ

C.

Fig. 3 shows the EPR spetra of the sp-Si samples

measured at 300 K. A superposition of a broad line, la-

beled W, with a zero rossing at g = 2:0037 and a nar-

row line with g-values in the range of 2.0020{1.9999 is

observed for all the samples studied. The latter range is

typial for the family of E

0

enter [12℄. A separation of

E

0

line from the net spetrum and analysis of its shape

has shown that this line an be depited by g-values of

the E

0



enter (g

1

= 2:0017, g

2

= 2:0006, g

3

= 2:0002)

with distribution of g

2

and g

3

values. In the ase of sp-Si

strutures it has been this g-value distribution whih has

led to a onsiderable broadening of the E

0

line as well as

W line in the Q-band. With ontinuous-wave mirowave

saturation measurements it has been found that E

0

line

starts to saturate at power level of 0.4 mW. The W line

is about 10 times less saturable in terms of mirowave

power then E

0

line.

Both relative intensity of these lines and volumetri

density of defets are determined by proessing ondi-

tions. The total density of defets for the Si wafers pro-

essed in stagnant air is less than that proessed in ow-

ing air. The prolongation of the proessing time in stag-

nant air from 0.5 h to 1 h redues defet density from

7.2�10

17

m

�3

to 2.1�10

17

m

�3

. While for the sam-

ples proessed in the owing air we have found 2.6�10

18

m

�3

, 4.0�10

18

m

�3

and 2.5�10

18

m

�3

defets for

0.5 h, 1 h and 2 h duration, respetively. The range

of g-values, an inherent feature at g = 2:0020 of high-

temperature annealed sample and its very high thermal

stability are good diret evidenes to attribute this defet

to the P

b

enter.

Several weak EPR lines an be observed in sp-Si at

a higher gain (Fig. 3a). A weak pair of lines labeled H

with a 7.42 mT separation are disposed at equal distane

on either side of the E

0

entral resonane. Aording to

the studies of the \bulk" SiO

2

, the defet with 7.4 mT

doublet struture was reasonably assigned to a hydrogen

oupled E

0

enter [18℄. Due to the model, a proton is

loated in the immediate neighborhood of the E

0

en-

ter forming a �Si�O

2

H defet. Notie that it is the �rst

evidene of hydrogen inlusion into sp-Si, FTIR spetra

have not revealed any of Si-H speies there.

Fig. 3. Room temperature EPR spetra of the unannealed

Si wafer spark-proessed under owing air for 1 hour (a) and

0.5 hour suessively annealed at temperature ranging from

200

Æ

C to 1100

Æ

C for 15 min (b).

Isohronal thermal anneal of sp-Si strutures shows

that the E

0

line disappears after annealing at 700

Æ

C
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while theW line is extremely stable (Fig. 3b). TheW line

separated from the E

0

spetrum has a typial powder-like

shape with g = 2:0044 at a zero rossing and the g-values

of 2.0065 and 2.0020 at the extreme points. Aording to

the simulation, the EPR spetrum of sp-Si samples an-

nealed at T

ann

� 700

Æ

C an be represented as a super-

position of a symmetri Gaussian line with g = 2:0044

and �B

pp

=0.67 mT and a powder shape of the P

b

enter

response (g

k

= 2:0020, g

?

= 2:0086). The ontribution

of the �rst line is dominant and the origin of this line is

of prime interest. Aording to the literature soures, the

EP2 enter has smaller width possessing g = 2:0045 at

a zero rossing and is not observed after the annealing

of Si

+

-implanted Si/SiO

2

strutures at T

ann

� 600

Æ

C

[10℄. Slightly asymmetri EPR line with the g-value of

2.0043 and �B

pp

� 1:0 mT has been observed in quasi-

one-dimensional a-Si:H [19℄. This line was assigned to

defets in polysilane (SiH

2

)

n

struture whose bakbone

onsists entirely of silion atoms. An isotropi EPR sig-

nal at g = 2:0045 and �B

pp

� 0:8 mT was observed at

4.2 K in native-oxidized freshly prepared porous silion

samples [20℄, attributed to the amorphous SiO enter. A

enter idential to this has been deteted in Si-rih oxide

powder [20℄. We believe that the formation of both Si-

rih oxide and quasi-one-dimensional silion strutures

is highly probable during the spark proessing of silion.

So they seem to be major ontributors to the response

with g = 2:0044.

A orrelation between the number of paramagneti de-

fets with g = 2:0044 and PL intensity of 576 nm band

has been found, indiating the defet origin of the latter.

CONCLUSION

As a onlusion of this study, the identi�ation and

understanding of the role of defets allow to larify the

nature of proesses taking plae in silion strutures with

nanorystallites. The detetion of various speies of para-

magneti defets illustrates the multiformity and on-

siderable omplexity of the strutural transformations

there. The EPR ombined with optial measurements is

a powerful tehnique for identifying the struture of both

nanorystallites and matrix where they are embedded as

well as interfae region.
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PARAMAGNETNI DEFEKTI U KREMNI�OVIH STRUKTURAH

Z NANOKRISTALITAMI

V. �. Bratus~

Institut fiziki napivprovidnikiv Naional~noÝ akademiÝ nauk UkraÝni,

prosp. Nauki, 45, KiÝv, 03028, UkraÝna

E-mail: endor�div51.semiond.kiev.ua

Podano korotki� ogl�d doslid�enn� kremni�ovih struktur �z nanokristalitami �z zastosuvann�m meto-

div elektronnogo paramagnetnogo rezonansu (EPR) ta podvi�nogo elektronno-�dernogo rezonansu (PE�R).

Metodom PE�R vivqali P

b

-entri v poristomu kremniÝ, �ki� bulo vidpaleno pri visoki� temperaturi.

Vi�vleno visoku qutlivist~ PE�R do na�vnosti vodn�. U xarah SiO

2

, implantovanih �onami Si, Ge ta C,

ta v erodovanomu iskro� kremniÝ metodom EPR viznaqeno okremi defekti, pov'�zani z vakansi�mi kremni�

ta kisn�. Dokladno obmirkovano prirodu defektiv v erodovanomu iskro� kremniÝ. Podibnist~ ta vidminnist~

defektiv u matri�h na osnovi kremni� z nanokristalitami demonstru rozmaÝtt� strukturnih peretvoren~

u nih. Stislo obgovoreno rol~ paramagnetnih defektiv u fotol�mineseniÝ.
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