
Vol . 102 (2002) ACT A PHY SIC A POLON IC A A No . 2

P ro ceed in g s of t h e I V I SSP MS '01 , J aszo wi ec 200 1

E ˜ ect of H y d ro st at ic Pre ssu re

on P hoto lu m in escence Sp ectra

from Stru ctu re s w ith Si N an ocry stals

Fabric ate d in SiO 2 Matri x

K .S. Zhur av l ev a ; Ê , I. E. T ysch enk oa , E. N. Vandy shev a ,

N .V . Bu l y t ov aa , A . M i siuk b, L. R ebo hl ec and W. Skoru pac

a I nst i t ut e of Sem iconducto r Physics

Pr. L avrenti eva, 13, No vosibi rsk, 630090, Russia
b Insti tute of El ectron T echnology, al. Lotni k§w 32/ 46, 02-668 Warsaw, Poland

c Insti tute of Ion Beam Physi cs and Ma teri als Research

R esearch Center Rossendorf , Inc. , POB 510119, 01314 Dresden, Germ any

Th e e˜e ct of hydrostat ic pressure app lied at high te mp erature on pho-
toluminesce nce of Si- impla nted SiO 2 Ùlms w as studied . A \ blue"- shi f t of

P L spectrum from the SiO 2 Ùlms implanted w ith Si + ions to total dose of
1 :2 È 10

1 7 cmÀ 2 with an increase in hydrostatic pressure w as observed. For
the Ùlms implan ted w ith Si + ions to a total dose of 4 : 8 È 10

1 6 cm À 2 high
temp erature annealin g under high hydrostatic pressure ( 12 kbar ) causes a

\red"- shif t of photolumi nescence spectrum. T he \red" photolumi nescence
bands are attributed to Si nano crystals w hile the \blue" ones are related to Si
nano crystals of reduced size or chains of silico n atoms or ² Si{Si ² defects. A
decrease in size of Si nano cluster size occurs in result of the pressure- induce d

decrease in the di˜usio n of sili con atoms.

PACS numb ers: 68.55.A c, 73.63.Bd, 78.67. {n, 68.35.Fx

1. I n t rod uct io n

Si l icon nanocrysta ls fabri cated by Si ion im planta ti on into sil icon oxi dewi th
subsequent therm al anneal ing are prom ising candi dates as l ight emi tters [1]; they
show the near- infrared pho tolum inescence (PL) in the 700{ 900 nm range. Di ˜erent
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m echani sms of radi ati ve recom binatio n in sil icon nanocrysta ls were di scussed in
the l i tera ture [2{ 4], but the nature of thi s behavi or is not wel l understo od unti l
now.

The fabri cati on techni que of sil icon nanocrysta ls whi ch we use gives a uni que
opp ortuni ty to contro l wi th a high accuracy the concentra ti on and distri buti on
of Si ato ms intro duced into the m atri x. The content and di stri buti on of Si ato ms
deÙne the size of nanocrysta ls and thei r lum inescenceproperti es. By now the e˜ects
of the impla nted dose, the tem perature, dura ti on and atm osphere of the anneal ing
on the lum inescence pro perti es of the structures wi th sil icon nanocrysta ls were
studi ed in deta il [5{ 10].

In the present paper the e˜ect of a hi gh hydro stati c pressure appl ied duri ng
anneal ing at high tem perature on PL of Si- implanted SiO 2 Ùlm s wa s inv estigated.
It was found tha t the PL band from the Ùlm s is shifted due to thi s trea tm ent.
The di recti on of the shift depends on the dose of the im planted Si + ions. Based
on present results a tenta ti ve expl anati on of the ori gin of lum inescence centers
form ed in the Si-ri ch SiO 2 Ùlm is given.

2. E x per i m ent a l d et ai ls

The sampl eswere prepared from 500 nm thi ck layers of SiO2 therm al ly grown
at 1000£ C on Si wafer whi ch were im planted subsequentl y wi th 200 and 100 keV
Si + ions. The im plantati on dosesare of 6 : 3 È 1 0 1 6 + 3 cm (hi gh dose or
HD ) and cm (low dose or LD ). The energy of ions was
chosen so tha t m axi mum of thei r di stri buti on was pl aced near the m iddle of the
Ùlms. The substra te tem perature duri ng im planta ti on wa s kept at { 60 to C.
The densi ty of Si ions current was kept at 0.5{ 1.0 A/ nm . Subsequentl y, the
sam ples were annealed for 5 hours at di ˜erent tem peratures in the range of
600 1130 C under atm ospheri c pressure and also argon pressure of kba r,
6 kba r, 9 kba r and 12 kbar (denoted below as the high pressure{ high tem perature
(HP{ HT) trea tm ent). A m ore deta iled descripti on of the sam ple prepa rati on is
given in [11].

A pul sed N laser ( nm ) wi th a pul se durati on of 7 ns and peak power
density of 4 kW cm wa s used for PL exci ta ti on. The PL signal was spectra lly
resolved and detected by a doubl e di ˜ra cti on grati ng m onochrom ato r equipp ed
wi th a cooled S-20 photo m ul tipl ier operati ng in the photo n counti ng mode. The
PL measurements were conducted at room tem perature.

3. Exp er im ental r esu l ts

Fi gure 1 shows PL spectra f rom HD Si- im planted SiO Ùlms m easured before
and after hi gh tem perature anneal ing. The Ùlms were annealed at 1130 C
at di ˜erent pressure of bar, 6 kba r, 9 kba r or 12 kba r duri ng 5 hours. It
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Fig. 1. PL spectra of the SiO 2 Ùlms implan ted with Si+ ions to total dose of

1 : 2 È 10
17 cmÀ 2 ( HD): (1) as-implanted specimen ; specimens treated at T a = 1130 £ C

for 5 hours at hydrostatic pressure of : (2) P = 1 bar, (3) P = 6 kbar, ( 4) P = 9 kbar,

(5) P = 12 kbar.

i s seen from the Ùgure tha t in the spectrum of the as-im planted specim en a weak
bro ad PL band wi th a m axi mum near 600 nm wa s observed. The sampl e annealed
at atm ospheric pressure shows a pronounced near- inf rared (7 0 0 Ë 8 5 0 nm ) PL
band. The anneal ings at higher pressures lead to a stro ng shift of the PL band
to wards the shorter wavel engths and to the decrease in the PL intensi ty . The PL
spectrum f rom the sam ple HP{ HT trea ted at P = 6 kba r exhi bi ts few peaks in
the wavel ength region of nm . Further increase in the argon pressure
up to kba r appl ied duri ng anneal ing causes an app earance of a peak at
about 420 nm . In the spectrum of the sampl e annealed at the argon pressure of

kbar two peaks at 420 nm and 550 nm are clearl y seen.
A di stinct dependence of PL on hydro stati c pressure was observed for the LD

Ùlms. A wi de band wi th m axi mum at 650 nm was recorded for the as-im planted
specim en (Fi g. 2). The maxi mum of the PL spectrum shifts to 550 nm in the
specim en annealed at 1000 C at atm ospheri c pressure and then to 420 nm
after annealing at the sam e tem perature under 6 kba r argon pressure. As seen in
Fi g. 2, PL of the as-synthesi zed, LD specim ens annealed at atm ospheri c pressure
and argon pressure of kba r is very weak. The PL intensi ty considerably
increases and the PL band shifts to wards longer wa velength af ter anneal ing at

kba r. In order to Ùnd the reason for these phenom ena we studi ed the
e˜ect of the anneal ing tem perature under kbar argon pressure on the PL
spectra. The result of thi s inv estigati on is presented in Fi g. 3. It is seen tha t the
PL intensi ty of the specimen annealed at 800 C is doubl ed in compari son
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Fig. 2. PL spectra of the SiO 2 Ùlms implan ted with Si+ ions to total dose of

4 : 8 È 10
16 cm À 2 (LD): (1) as- implan ted specimen; (2 Ë 4) the specimens annealin g

at T a = 1000£ C for 5 hours at di˜erent hydrostatic pressures: (2) P = 1 kbar,

(3) P = 6 kbar, (4) P = 12 kbar. The curve # 5 is the spectrum of the H D specimen

H P{H T treated at P = 1 kbar, T a = 1130 £ C . T he curves #1 ; 2 ; 3 are mathematicall y

smoothed.

Fig. 3. PL spectra of LD specimens: (1) as-implan ted; (2 Ë 4 ) the samples an-

nealed at P = 12 kbar at di˜erent temp eratures: (2) T a = 600 £ C , (3) T a = 800 £ C ,

(4) T a = 1000£ C . For convenience the curve #2 is depicted in circles.

wi th the PL intensi ty from the as-im pl anted specim en. A sharp increase in the
PL intensi ty to gether wi th a \ red" shift of the PL peak positi on ta kes place at
T 1000 C.
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Fig. 4. Evolution of the transient PL spectrum from the LD specimen H P{H T treated

at P = 12 kbar, T a = 1000 £ C as a function of the annealing time. The inset show s the

experimental curve (circles) integrated over the band spectrum and calculated decay

curve according to formula 1 (straight line).

In Fi g. 4 a set of ti m e-resolved PL spectra from the LD specim en HP{ HT
trea ted at P = 1 2 kba r, T a = 1000£ C is presented as a functi on of delay ti me for
the m easurements done after the exci ta ti on pul se. The decrease in the intensi ty
to gether wi th a \ red" -shift of the peak positi on wi th the delay ti m e is seen in the
Ùgure. Thi s ki nd of behavi or has been observed previ ously for Si nanoclusters [12].
The inset to Fi g. 4 shows the decay curve integ rated over the spectrum . The PL
intensi ty decay is nonexp onenti a l, and can be Ùtted by a \ stretch- exponenti al "
functi on

I exp (1)

where is thedecay ti me and is the dispersion f actor. The appro xi m atio n of
the decay curve gives a value of s and for the decay ti m e and
di spersion factor, respecti vely. Sim i lar results were obta ined for the HD specim en
HP{ HT trea ted at bar, 1130 C, tho ugh the value of decay ti me was

s at .

A single wi de emission band peaki ng at near 800 nm is related to the radi ati ve
recombi nati on of carri ers in Si nanocrysta ls f orm ed in Si -impla nted SiO Ùlms
duri ng a hi gh tem perature anneal ing ( 900 C) [13]. Since the LD specim en
trea ted at kba r, 1000 C dem onstra tes the PL features (peak positi on
and decay ti me) sim ilar to the PL characteri stics of the HD specimen annealed
at atm ospheri c pressure at 1130 C we concl ude tha t Si nanocrysta ls were
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form ed in thi s LD specim en. A \ blue" shi ft of the PL peak from the LD specim en
in com pari son wi th the PL peak positi on for the HD specim en may be due to a
smal ler size of Si nanocrysta ls in the form er specim en. No uni que interpreta ti on of
the PL bands observed in a shorter wa velength region of the spectra (400{ 600 nm )
has been found so far. T entati ve expl anati on could be a quantum conÙnement of
exci to ns in very smal l Si nanocrysta ls or exci to nic recom binati on in chains of
sil icon atom s [14{ 16]. It was also suggested tha t the bl ue-l ight emission m ay be
attri buted also to a ² Si{ Si² defect [15]. It shoul d be noted tha t the low intensi ty
of the \ bl ue" PL bands might be due to a low energy of photo n of the exci ti ng
l ight, because an opti mal exci ta ti on of PL from the ² Si{ Si ² defects takes pl ace
at 250 nm [17].

Enha nced hydro stati c pressure at high tem perature slows down di ˜usi on of
sil icon ato ms in the SiO2 m atri x [18] and theref ore ham pers the pro cess of form a-
ti on of Si nanoclusters. W i th an increa se in the appl ied pressure the Si nanocrys-
ta ls becom e smal ler. At the even higher hydro stati c pressure only chains of sil icon
ato m s are form ed and the num ber of ² Si{ Si² defects increases. W e suggest tha t
thi s is a reason for the \ blue" shift of the PL band wi th an increase in hydro stati c
pressure. Thi s e˜ect is clearl y apparent for the HD specim ens in whi ch the di ˜usi on
length of Si ato m s L = ( D t ) 1 = 2 exceeds a m ean di stance between the im planted
sil icon ato ms = , where is a di ˜usi on coe£ cient of Si ato ms in SiO ,

is ti m e of anneal ing, is concentra ti on of Si atom s. In our experim ental condi -
ti ons we have got a value of nm and nm for the di ˜usi on length
and the m ean distance, respectivel y. For thi s estimati on we used the expression
for the di ˜usi on coe£ ci ent of Si ato m s in SiO from [19].

There is no uni que expl anati on of the \ red" shift of the PL band and the in-
crease in i ts intensi ty for the LD specim en annealed of 1000 C under pressure
of kba r. For thi s specimen nm and nm , theref ore form ati on
of the nanocrysta ls should be ham pered even at atm ospheri c pressure. A possible
expl anati on of the enhanced form ati on of l ight- emi tti ng recom binati on centers dur-
ing the anneal ing at high pressure has been given in [20]. It has been done in term s
of the concept of an enhanced structura l tra nsform ati on [21] taki ng place wi thi n a
m etastable region such as non-stoichi ometri c reg ion of Si-enriched SiO . The acti -
vati on energy corresp onding to changes in a short- range order m ay be substa nti al ly
reduced in the case when ato ms of the m atri x are very far from the equi l ibri um
state. It seems tha t a di ˜erence in the structure of HD and LD Si im pl anted Ùlms
is much enhanced under hydro stati c pressure. The high pressure{ hi gh tem perature
trea tm ent accelerates form atio n of Si nanocrysta ls in the LD Si-impl anted SiO
Ùlms whi le i t slows down the form atio n of Si nanocrysta ls in the HD Si-im planted
SiO Ùlm s. Further work in thi s Ùeld is needed to reveal the physi cs of thi s pro cess.
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5. Su m m ar y

In the present paper the e˜ect of appl icati on of hydro stati c pressure at high
tem peratures on photo lum inescence spectra of SiO2 Ùlm s im planted wi th sil icon
ions has been examined. Basing on the identi Ùcati on of the PL bands the pro cess
of form atio n of sil icon nanocrysta ls in the SiO 2 matri x has been studi ed. It is
suggested tha t high hydro stati c pressure ham pers the pro cess of form ati on of Si
nanoclusters in SiO2 Ùlm s i f the di ˜usi on length of Si ato m s exceeds the mean
di stance between the im planted Si ato m s. Thi s can be expl ained as an e˜ect of
decreased di ˜usi vi ty of sil icon ato ms at enhanced hydro stati c pressure.
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