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1. INTRODUCTION 

Nanocrystals of semiconductors and, in particu-
lar III–V materials, in porous glass are prospective 
for optical and electronic applications. The com-
plexity of porous glass morphology and a rich lumi-
nescent spectrum of bulk CdS [1-4] allows to expect 
the appearance of various point defects which could 
be considered as shallow traps and, in other cases, are 
the centers of luminescence. While studying the lumi-
nescence, it is necessary to take into account both the 
contribution of charge carrier recombination as well 
as the changes in optical properties of the porous ma-
trix caused by the excitation. Some information about 
the mechanism of the luminescence excitation, as well 
as on the nature of radiative recombination, could be 
obtained by an analysis of the luminescence rise and 
decay curves [1, 5]. 

The present paper investigates photo-lumines-
cence stationary and transient characteristics of CdS 
nano-formations in a porous glass matrix at the tem-
perature of 77 K. A tentative model is used in order to 
explain some peculiarities of the luminescence decay 
curves observed. 

2. EXPERIMENTAL PROCEDURE 

Porous silicate glasses obtained from the two-phase 
sodium-boron-silica glasses by chemical etching of the 
unstable sodium-borate phase in hydrochloric acid [6] 
were used in our experiments as a model matrix me-
dium for forming the semiconductor nano-particles. 
An initial two-phase glass was annealed at 760 K or 
930 K for 100 and 150 hours, respectively, in order 
to enhance the phase separation. After a subsequent 
etching of the glass annealed at 760 K, we obtained 
mesoporous glass with the mean pore radius about 15 
nm (glass of À type). A similar treatment of the glass 
annealed at 930 K gives the mean pore radius of 75 nm 
(glass of C type). 

The etching solution used for etching the sodium-
borate phase off, interacted also with the silicate skele-
ton, which led to the formation of the secondary silica 
gel inside the pores. 

It is possible to remove the secondary silica gel 

from pores almost completely by the subsequent treat-
ment in KOH solution. However, it leads to an exces-
sive etching of the pores. After such additional treat-
ment of A-glass we obtained a glass with gel-free pores 
of 23 nm radius. It is referred in this paper as B-glass. 

An additional KOH solution etching of C-glass 
produced gel-free pores with the radius of 160 nm. It 
is referred as D-glass. 

CdS were impregnated into the glasses contain-
ing silica gel (A) and also into B- and D-glasses which 
were practically free of silica gel. CdS nanoclusters in 
the porous matrices were obtained by chemical depo-
sition using the technique described in [3, 7]. 

For the increase of the of sulfur ions content (play-
ing the role of a luminescence activator), some of the 
prepared samples were saturated with

 
Na

2
S in water 

solution [8]. 
Luminescence was excited by the monochroma-

tized light of a 1 kW Xenon lamp over the wavelength 
range of 400-700 nm. The luminescence spectra, as 
well as the excitation spectra, were measured in sta-
tionary and transient regimes. Luminescence rise- 
and decay curves were analyzed. All the measurements 
were performed at the liquid nitrogen temperature (77 
K) using a standard set-up. 

Some of specimens were gamma-irradiated using 
a Co60 facility with the power of 9.8 rad/s. This power 
was used to induce some modification of the material 
recombination properties [9], called a small dose ef-
fect. 

3. EXPERIMENTAL RESULTS 

Curves 1 and 2 at Fig. 1 present the photolumines-
cence spectra of CdS clusters in an A-matrix before 
and after Na

2
S saturation, respectively. It is seen that 

the main red luminescence band is strongly broad-
ened. The short-well shoulder shows that it is not 
elementary one. Na

2
S saturation enhances the lumi-

nescence intensity and shifts the spectrum to shorter 
wavelengths. 

Fig. 2 illustrates the luminescence spectrum evo-
lution after switch-off the excitation of A-sample with 
Na

2
S excess. It is seen that the luminescence spectrum 

changes in time. The phosphorescence band at 725 
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nm has much higher decay time than the short-wave-
length part of the spectrum. It suggests that the photon 
generation of 725 nm band and the short-wavelength 
radiative recombination are caused by the differently 
located centers. 
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Fig. 1. Photoluminescence spectra of CdS clus-ters in A-ma-
trix: 1 — initial; 2 — after Na

2
S saturation 
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Fig. 2. Phosphorescence spectra of A-sample with Na
2
S ex-

cess at different times after switching off the excitation: 1 — 0.2 s; 
2 — 0.8 s; 3 — 1.2 s;  4 — 2.0 s.

Curves 1, 2, and 3 at Fig. 3 show the luminescence 
rise after switching on the excitation in A-, B-, and 
D-samples. The rise curves for all of the glass types 
practically coincide and are exponential: 

 0( ) [1 exp( / )]rt t !  " " # ,  (1) 

where  
0
 is a constant; #

r
 denotes the rise time. For all 

the curves at Fig. 3 #
r
 =1.8 s. 
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Fig. 3. CdS nanoclusters photoluminescence rise curves for 
different types of porous glass matrix after 500 nm excitation: 1 — 
A; 2 — B; 3 — D.

Curve 1 at Fig. 4 represents the phosphorescence 
decay for CdS in pores of B-glass (in pores with small 
diameter). The curve has a shoulder at the beginning 
of the decay. After $-irradiation with a dose of 104 rad, 
the shoulder disappears (low dose effect), what is il-
lustrated by curve 3, and the decay curve is practically 
identical to curve 2 (for CdS in wide pores). 
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Fig. 4. CdS phosphorescence decay curves in B- (1 and 3) and 
D-(2) matrices. 3 – after $-irradiation with a dose of 104 rad.

The decay curve 2 at Fig. 4, measured on CdS in 
D-matrix, is exponential: 

%  (t) =  
o
exp(-t/#

d
),  (2) 

where #
d
 is the decay time. For curve 2 #

d
=1.78 s. The 

rise- and decay times are very high: 

% #
r 
, #

d
 >> #

n
 ,  (3) 

where #
n
 is the life time for electrons (#

n
~1 ms). The 

strong inequality (3) suggests that CdS microcrystals 
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in pores have very high concentration of shallow traps, 
which are in equilibrium with c-band. 

Our measurements show that the phosphorescence 
kinetics of CdS clusters in A-glass usually exhibits a 
flash-up after the excitation turn-off, as demonstrated 
at Fig 5. Curve 1, measured after excitation with pho-
tons of & = 550 nm (h' = 2.25 eV), has a pronounced 
shoulder. Excitation at & = 450 nm (h' = 2.76 eV) 
leads to a flash, as illustrated with curve 2 at Fig. 5. 
A treatment of the sample in Na

2
S enhances the flash, 

as shown by curves 3, 4. A comparison of curves 3 and 
4 at Fig. 5, obtained after excitation with photons of 
h' = 2.25 eV and h' = 2.76 eV, correspondingly, dem-
onstrates that the flash becomes more detectable with 
increasing photon energy. 
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Fig. 5. Decay kinetics of CdS nanoclusters phosphorescence  
in  A — matrices:   1, 2 – initial; 3, 4 – after Na

2
S-treatment. 

Curves 1, 3 were measured after excitation with &=550 nm; 2, 
4 – after illumination with  &=450 nm.

The intensity of the flash is different for various 
phosphorescence spectral bands. The most intensive 
flash is observed in the band at 725 nm for CdS clus-
ters in A-matrix with the excess of Na

2
S after the 450 

nm excitation. This band is dominant in the station-
ary photoluminescence spectrum of these samples, 
as shown by curve 2 at Fig. 1, and has a higher decay 
time, as shown at Fig. 2. 

4. MODEL AND DISCUSSION 

The most interesting result of our experiment is 
the effect of the mean pore size on the photolumines-
cence and phosphorescence spectra and the kinetics. 
We can analyze this effect by the use of a recombina-
tion scheme represented at Fig. 6. 

The electron-hole pair generation of intensity G 
is provided by photons absorption. Additional genera-
tion G

t
 has photo-thermal nature. The observed very 

long rise- and decay times suggest the presence of a 
high concentration of shallow traps t, being in thermal 
equilibrium with c-band. Radiative recombination 

occurs at deep r-centers. Non-radiative recombina-
tion takes place at deep s-centers (“fast recombination 
centers”).The corresponding differential equations set 
is as follows: 

 t t t t ct t s s r r

dn
G G C p n C N n C p n C p n

dt
! ( " ( " " ;  (4) 

 r
r r r r

dp
C n p C p n

dt
)! " ;  (5) 

 s

s s s s

dp
C n p C p n

dt
)! " ;  (6) 

 t

t t t ct

dn
C p n C N

dt
! " ,  (7) 

where n, p are the free carriers concentrations; C
t
, C

r
, C

s
 

denote the electron capture coefficients for t-, r- and 
s- centers, respectively; C)

r
, C)

s
 are the hole capture 

coefficients for r- and s- centers, correspondingly; n
t
, 

n
r
, n

s
 are the concentrations of electrons on t-, r- and 

s- centers, respectively; p
t
, p

r
, p

s
 are the concentrations 

of empty t-, r- and s- centers, respectively; 

 exp( / )ct c ctN N E kT* " ,  (8) 
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Fig. 6. Recombination scheme for photo-luminescence in 
CdS clusters

N
c
 is the effective state density in c-band; E

ct
 is the 

depth of t-level; kT is the Boltzmann factor. 
The neutrality equation can be written as 

 0

t r r sn n p p p( ! " ( ,  (9) 

where 0

rp  is determined by the concentration of elec-
trons on deep t

d 
traps. In (9) the strong inequality 

 n>>p  (10) 

is taken into account as well. 
For s-centers, as fast non-radiative recombination 

centers in CdS, the inequalities 

 C
s
>>C

r 
; p

s
<<p

r
  (11) 

are valid. 
The luminescence (and phosphorescence) the in-

tensity could be expressed as 

 r r rR C p n! .  (12) 

In CdS as a quasi-monopolar semiconductor a 
strong inequality 

 n>>p  (13) 

takes place. 
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The observed exponential rise- and decay curves, 
depicted at Figs.3 and 4, suggest that differential equa-
tions (4) — (7) for our case are linearized. It means 
that in (12) 

 rp const! .  (14) 

And this could occur if we have in the equality (9) 

 0 ,r r sp p n n p#+ ,, ( .  (15) 

Moreover, it means that the concentration n
t
 of 

electrons, captured on shallow t-centers, is propor-
tional to free electrons concentration n. It could occur 
in the case of 

 n
t
 << N

t 
,  (16) 

where N
t
 is the concentration of t-centers. In this 

case, 

 tn n Mn( ! ,  (17) 

where 

 M = 1 + N
t 
/

 
N

ct
 ,  (18) 

and M = const at a fixed temperature. 
The solution of the equation set (4) — (7) at these 

assumptions gives for photoluminescence rise and de-
cay curves expressions (1) and (2), respectively, with 

 r d nM# ! # ! # ,  (19) 

where #
n
 is the electron life time. 

As mentioned above, our measurements give 

r d# + # ! 1.8 s. Taking into account that in CdS #
n
 ~ 

1 ms, we conclude that the CdS clusters contain high 
concentration of shallow centers, so that M~103. 

As seen at Figs. 4 and 5, CdS clusters under certain 
conditions exhibit a phosphorescence flash. The flash-
effect could be explained by using the model presented 
above. The role of photothermal electron generation 
and presence of two kinds of recombination centers 
are essential for this explanation. From equation (4), 
in a stationary case, we obtain for the stationary elec-
tron concentration 

 0( ) /( )st st

t r r s sn G G C p C p! ( (   (20) 

and for the radiative recombination intensity 

 ( )
r

st

r tR g G G! ( ,  (21) 

where 

 0 0/( )str r r r r s sg C p C p C p* ( .  (22) 

After turn off excitation G the intensity of the pho-
tothermal excitation 

 0tG - ,  (23) 

because the concentration of electrons on the corre-
sponding centers exceeds its equilibrium value. More-
over, the fast recombination centers (s-centers) for a 
short time are filled by electrons, so 

 0sP . ,  (24) 

and one could obtain for the electrons concentration 

 0/( )t r rn G C p!   (25) 

and for the radiative recombination intensity 

 r tR G! .  (26) 

The intensity of the photothermal excitation G
t 

decreases with time, and the phosphorescence inten-
sity falls down as well. 

A comparison of (21) and (26) gives the condition 
for appearance of the phosphorescence flash: 

 /(1 )t r rG g g G, " .  (27) 

Our measurements reveal the following conditions 
for the flash-effect in CdS nanocrystals: a) the pores 
in the matrix must be small enough. The effect occurs 
only in A- and B-matrices; b) the flash is observed only 
in 725 nm phosphorescence band; c) Na

2
S treatment 

enhances the effect; d) excitation with photons of h' = 
2.75 eV gives more pronounced effect than of 2.25eV; 
e) $-irradiation suppresses the effect. 

The first condition suggests that the flash-effect 
is characteristic for small enough CdS nanocrystals. 
This observation is in agreement with results [5] and 
the fact that lowering the nanocrystals’ size makes 
slower the CdS phosphorescence decay [3, 4, 7]. 

The influence of Na
2
S treatment on the flash inten-

sity argues that point defects, containing sulfur atoms, 
are responsible for this effect. Inhibition of the effect 
by $-radiation can be explained by destroying the low-
size nanoclusters as a result of $-quanta absorption [9]. 
The photoluminescence and phosphorescence of CdS 
in D-glasses is less sensitive to radiation, which is in 
accordance with previously reported results [9]. The 
flash-effect disappeared after a long time storage (over 
half a year; A-specimens were exposed to the air). It is 
also suppressed by low temperature annealing of the 
samples in air. This phenomenon could be attributed 
to slow oxidation of excess sulfur during the storage in 
the open air. 

5. CONCLUSIONS 

1. The phosphorescence of CdS nanoclusters in 
porous glass exhibits a flash after excitation turn-off. 
This effect occurs only in glass with sufficiently small 
pores and can be ascribed to recombination in small 
enough CdS clusters. The flash is observed only in the 
spectral band of h' = 1.71 eV which corresponds to 
the recombination of free electrons at deep centers. 

2. The recombination model, that includes two 
kinds of recombination centers and centers respon-
sible for the photo-thermal electron generation, could 
explain the flash-effect. 

3. The introduction of the excess sulphur ions en-
hances the effect. It suggests that the centers, respon-
sible for flash, contain sulphur atoms. 

4. The flash-effect is suppressed by $-irradiation 
as well as by low-temperature annealing in air. This 
instability could be ascribed to small CdS clusters de-
struction. The $-stability of CdS nanoclusters is en-
hanced with the increase of their size. 
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âîçáóæäåíèÿ. Äîïîëíèòåëüíîå íàñûùåíèå îáðàçöîâ Na

2
S óñèëèâàëî óêàçàííóþ âñïûøêó. Èíòåíñèâíîñòü è äëèòåëüíîñòü 

âñïûøêè çàâèñåëà îò ýíåðãèè âîçáóæäàþùèõ ôîòîíîâ. Ýôôåêò îáúÿñí¸í òåðìîîïòè÷åñêèì âîçáóæäåíèåì ýëåêòðîíîâ. 
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Ðåçþìå 
Äîñë³äæåíî ê³íåòèêó ëþì³íåñöåíö³¿ øïàðèñòîãî ñêëà ³ç âêðàïëåííÿìè CdS ïðè òåìïåðàòóð³ ð³äêîãî àçîòó. Ïðîäåìîíñ-

òðîâàíî, ùî êðèâ³ ñïàäó ëþì³íåñöåíö³¿ ï³ñëÿ âèìêíåííÿ çáóäæåííÿ íåîäíàêîâ³ äëÿ ð³çíèõ òèï³â ñêëà. Äëÿ CdS â ìàòðèöÿõ 
ç äîñòàòíüî ìàëèìè ïîðàìè ñïîñòåð³ãàâñÿ êîðîòêî÷àñíèé ñïàëàõ ëþì³íåñöåíö³¿ ï³ñëÿ âèìêíåííÿ çáóäæåííÿ. Äîäàòêîâå íà-
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S ï³äñèëþâàëî çàçíà÷åíèé ñïàëàõ. ²íòåíñèâí³ñòü ³ òðèâàë³ñòü ñïàëàõó çàëåæàëà â³ä åíåðã³¿ çáóäæóþ÷èõ 

ôîòîí³â. Åôåêò ïîÿñíåíî òåðìîîïòè÷íèì çáóäæåííÿì åëåêòðîí³â. 
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