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Photobrightening of photodarkened CdS- and CdS,Seq_x-doped glasses was investigated
using luminescence and electron spin resonance (ESR). Photobrightening depends on
wavelength of laser light, and it is observed in all samples investigated, when wavelength
of laser light is longer than that of absorption edge. Photobrightening depends on glass
composition. © 2001 Kluwer Academic Publishers

1. Introduction vestigated other CdS-doped filter glasses, Toshiba
Since Jain and Lind [1] first reported that Y-45, Y-46 and Y-48, and CdSe_x-doped fil-
semiconductor-doped glasses have a large opticdér glasses, Toshiba Y-50, Y-52, O-54 and O-56.
nonlinearity and a fast response time, the opticalAbsorption edges of these glasses are about 450 nm
properties of these materials have been investigate@(-45)-560 nm (O-56). The size of samples was
extensively. Roussignoét al. [2] reported that the 2.5x25x25 mn?. The concentration of CdS or
response time of the nonlinear signal and the lu-CdSSe_yx was about 0.4 wt%. The glass was exposed
minescence of Cd&e_yx-doped glass shortened to pulsed light from a frequency-tripled Nd:YAG laser
upon light irradiation. This photoinduced irreversible (Quanta-Ray GCR-230T-10; wavelengt855 nm,
process is called photodarkening. Photodarkeningulse duratior=5 ns, repetition rate-11 Hz, peak

is considered to be due to defect centers, which arpower densityg=5 MW/cn¥) for 2 min, and then ex-
activated upon light irradiation and act as nonradiativgposed to pulsed light from an optical parametric os-
recombination centers [3-5]. Therefore, the decayillator (Quanta-Ray MOPO-700; pulse duratien
time and the intensity of the luminescence decreaseh ns, repetition rate-11 Hz, peak power density
When photodarkened glass is heated to 4002@50 10 MW/cn?) for 8 min (Y-44, GG435 and 3-73) or
for a few hours, it recovers its original properties [2]. 4 min (other glasses) at 300 K.

In a previous paper [6], we reported that the intensity Transient characteristics of luminescence were mea-
and decay time of luminescence from photodarkenegured using the following apparatus at 300 K. The ex-
CdS-doped glass, Toshiba Y-44, increased upon lightitation source was a frequency-doubled Ti:sapphire
irradiation with wavelength of about 500 nm. This laser with a pulse selector (Spectra Physics Tsunami
result indicates that reverse process of photodarkening960 and 3980; wavelength390 nm, pulse dura-
(photobrightening) occurrs in CdS-doped glass uporiion= 200 fs, peak power density0.5 MW/cn?, rep-

light irradiation. On the other hand, it is reported etition rate=4 MHz). The decay time of the lumi-
that photodarkening depends on manufacturers ofiescene was measured at 300 K using a streak camera
glasses [7-9]. While Toshiba sample shows strondHamamatsu C4334). The ESR spectra were measured
photodarkening, Corning sample shows weak phoat 77 K using an X-band spectrometer (JES FE-1X).
todarkening. Here, we report the effect of light The g-values of the signals were determined using a
irradiation on photodarkened CdS-doped glasses frorivigO : Mn marker.

different manufacturers to investigate the possibility

of photobrightening in Corning and other samples. We3 Results and discussion

also report the effect of wavelength of absorption edg&yhen we used the Ti:sapphire laser as the excita-

on photobrightening in Cd$e.«-doped glasses. tion source, we observed luminescence band at about
440 nmfor CdS-doped glasses. This band is attributable
2. Experimental procedure to the band-to-band type or shallow-trapping state-to-

The samples investigated were commercial CdS-dopeldand-type transition [10]. Transient characteristics of
filter glasses whose absorption edge is near 440 nduminescence change after irradiation. Although lu-
from different manufacturers: Toshiba Y-44, Hoya minescence intensity decays nonexponentially [11],
Y-44, Schott GG435 and Corning 3-73. We also in-initial decay of luminescence intensity is approximately
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= 100 and some electrons recombine with holes and passivate
%‘ before GGA3S the defect centers [6]. The passivation of the activated
2 o0 L irradiation defect centers causes increase in the intensity and the
3 . 4 decay time of luminescence (photobrightening). Light
£ sotb with wavelength longer than 500 nm cannot generate
E . carriers in CdS nanocrystals in Y-44 and does not acti-
S 0L vate the defect centers. However, this light may excite
2 : i‘iﬁﬁ‘; f’rSrZ dl;:tlion A the trapped electrons in glass to the conduction band
2 el £ N N A of glass, to passivate the defect centers. Thus the decay
§ [ time of luminescence associated with the activated de-
KR 50 . . fect centers increases upon laser irradiation at a wave-

490 500 510 length of 500 nm. The most efficient wavelength for
Wavelength of laser light (nm) photobrightening is 500 nm in Y-44.
The increase in the decay time and the luminescence
Figure 1 Decay time of luminescence from CdS-_doped glass, Schotttjntensity is also observed in the other photodarkened
GG435, at peak wavelength (440 nm) as a function of wavelength o .
laser light for the second irradiation. samples,_ H_oya Y-44 and Qornlng 3-73, after the sec-
ond irradiation of 500 nm light. Fig. 2 shows the rel-
ative values of decay times of luminesceng€355—
500)/t4(355), wheret4(355-500) is the decay time of
luminescence of the CdS-doped glass after 355 nm and
500 nm light irradiationt4(355) is that after 355 nm
lightirradiation. The change in the decay time is largest
for Toshiba Y-44 and smallest for Corning 3-73.
] ] ] ) We measured ESR spectra to investigate the ef-
wherel (0) is luminescence intensity &t=0ns (zero  fects of light irradiation on defect centers in glasses.
time delay) and (0.1) is thatat =0.1ns. Fig. 1 shows  Fjg. 3 shows ESR spectrum of CdS-doped glass, Schott
decay time of luminescence from CdS-doped glassgG435, at 77 K before and after light irradiation. The
Schott GG435, at peak wavelength. We used five samsjgnal neag = 2.01 is caused by activated defect cen-
ples to obtain the data points. Sample 1 was not exposegdys (trapped holes on the defect centers) at the interface

wavelength of 355 nm. Samples 3, 4 and 5 were ex-

posed to laser light with wavelength of 355 nm, and
then exposed to laser light with wavelength of 490 nm,

regarded as exponential. Thus, we ys&s the measure
of decay time,

tg = —{10In[I (0.1)/1 (0)]} ™, 1)

500 nm and 510 nm, respectively. The decay time deéa L4r . 4 Decay
creases upon 355 nm light irradiation, and then in- 88 L ® ESR
creases upon the second irradiation with wavelengtt%i - A A
of about 500 nm. When the wavelength of light from §& 1 4
the optical parametric oscillator is tuned at 500 nm, the% %‘ L
longest decay time is observed. We also observed inﬂé 8 ° *
crease in the luminescence intensity upon 500 nm Iigh’i-S 0.6 i
irradiation. These results are similar to those in Toshibe § 5 L .
Y-44 [6]. = S T,

Photodarkening and photobrightening are explainec 02 Y-;14 (T) Y-;m (H) GC;435 3_'73
by the following processes (Fig. 3inref. [6]). Electrons Sample

in the valence band of CdS nanocrystals are excited to
the conduction band, some of which relax to traps afigure 2 Relative values of decay times of luminescence and intensities
the glass-semiconductor interface. Before the electron the ESR signals of the photodarkened CdS-doped glasses.
recombine, laser light reexcites some of these trapped

electrons to higher-energy surface states, from which before irradiation GG435

they migrate into the glass. These electrons eventually —_—

relax to deep levels in glass. The two-step excitation
process of electrons via trap levels was proposed by
Malhotraet al. [12], and confirmed by us [13]. Photo- 355nm
generated holes in CdS nanocrystals migrate into the in-
terface region between CdS nanocrystals and the glass

after irradiation

355nm 500nm

matrix, and they activate defect centers. The activated ——-——»\/\/\/_
defect centers act as nonradiative recombination cen- .
ters, and they cause decrease in the intensity and the 5mT
decay time of luminescence (photodarkening). Photo-
darkening is not observed in trap free glasses [14]. This L

. . ) . 205 200 195
resultis consistent with the two-step excitation process. g-value

In addition to these processes, laser light reexcites some
of the trapped electrons to the conduction band of glassiigure 3 ESR spectrum of CdS-doped glass, Schott GG435, at 77 K.
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and associated with photodarkening [4]. The signal neasecond irradiation. When the wavelength of light from
g=1.99 is considered to be due to trapped electronshe optical parametric oscillator is tuned at 590 nm,
on Cd&* ions in the glass [15]. The intensity of these the longest decay time is observed. The most efficient
signals increases after 355 nm light irradiation. Wherwavelength for laser-induced brightening depends on
the photodarkened glasses are exposed to light withbsorption edge of semiconductor nanocrystals. Light
wavelength of about 500 nm, the intensities of the ESRwvith wavelength longer than 500 nm cannot generate
signals decrease. The decrease in the intensity of thearriers in CdS nanocrystals in Y-44 and does not ac-
signal neag = 1.99 indicates that electrons trapped in tivate the defect centers. Thus the most efficient wave-
the glass are detrapped. The decrease in the intensikyngth for photobrightening is 500 nm in Y-44. On the
of the signal neag =2.01 indicates that holes on the other hand, light with wavelength longer than 500 nm
defect centers recombine with the detrapped electrongan generate carriers in CdSs_x nanocrystals in
Fig. 2 shows the relative values of the ESR signalsQ-54 and activate the defect centers, since absorption
| (355-500) 1 (355), wherd (355-500) is the intensity edge of O-54 is 100 nm longer than that of Y-44. Light
of the ESR signal neay=2.01 of the CdS-doped glass with wavelength longer than 590 nm cannot generate
after 355 nm and 500 nm light irradiation, ah(855)  carriers in CdgSe_x hanocrystals in O-54 and does
is that after 355 nm light irradiation. The change in thenot activate the defect centers. This light may excite
signal nearg=2.01 is almost correlated with change the trapped electrons in glass to the conduction band
in the decay time of luminescence. The results indicat®f glass, to passivate the defect centers. Thus, the most
that the defect centers are activated upon light irradiaefficient wavelength for photobrightening is 590 nm in
tion with wavelength of 355 nm and partly passivatedO-54. The most efficient wavelength for photobrighten-
upon the second irradiation with wavelength of abouting shifts to longer wavelength, when absorption edge
500 nm for all samples investigated. The largest changbecomeslonger: 510 nm (Y-45), 530 nm (Y-46), 540 nm
is observed for Toshiba Y-44, and the smallest one fo(Y-48), 560 nm (Y-50), 570 nm (Y-52), 590 nm (O-54)
Corning 3-73. This result indicates that photobrighten-and 620 nm (O-56).
ing easily occurrs in Toshiba Y-44, and hardly occurrs We also investigated photobrightening as a function
in Corning 3-73. We have already observed that phoef irradiation time. Fig. 5 shows luminescence inten-
todarkening easily occurrs in Toshiba Y-44, and hardlysity of photodarkened CdS-doped glass, Toshiba Y-45,
occurrs in Corning 3-73 [9]. Thus, activation and pas-as a function of irradiation time of 532 nm light. We
sivation easily occur in Toshiba Y-44 and hardly occur
in Corning 3-73. Both processes depend on glass com-
position. Since laser light with wavelength of about __
500 nm is only slightly absorbed by glass and the bearr-£ r
size is large (6 mm in diameter), the laser heating ef-~ 0.18 [
fect is negligibly small. Thus, passivation of the defect :
centers is caused by photons instead of by laser heating
We also investigated laser-induced brightening in
other CdS- and CdSe_4-doped glasses of Toshiba,
since photobrightening is most effective in glass of
Toshiba, Fig. 4 shows decay time of luminescence from
photodarkened CdSe _x-doped glass, Toshiba O-54,
at peak wavelength. The decay time decreases upo'g 0.06 " L
355 nm light irradiation, and then increases upon thea ¢ 5 10 15 20
Irradiation time (min)
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Figure 5 Luminescence intensity of photodarkened CdS-doped glass,
Figure 4 Decay time of luminescence from photodarkened (k5 «- Toshiba Y-45 as a function of irradiation time of laser light for the second
doped glass, Toshiba O-54, at peak wavelength (540 nm) as a functioimradiation. The peak power density of 355 nm light is 1.3 MW#cemd
of wavelength of laser light for the second irradiation. Decay times arethe peak power density of 532 nm light is 2.5 MW/(a) and 5 MW/crd
about 200 ps for unirradiated sample and 60 ps for sample after 355 nrth). Luminescence intensity is the relative value to that of the unirradiated
light irradiation. A curve was drawn through the data points as a guidesample. Curves were drawn through the data points as a guide for the
for the eyes. eyes.
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used pulsed light from the frequency-doubled Nd:YAGthe ESR spectrometer in the laboratory of Professor
laser instead of the optical parametric oscillator, sincel. Miki. The authors are grateful to Associate Professor
light intensity for the former is more stable than thatK. Kasatani and Professor T. Miki.

for the latter. When the laser power of 532 nm light is
2.5 MW/cn¥ (Fig. 5a), the luminescence intensity in-

creases with irradiation time, and then saturates. SincReferences
number of trapped electrons in glass is finite, photo- 1. R. K. JAIN andR. C. LIND, J. Opt. Soc. Am73 (1983)

brightening should show saturation as a function of ir-

radiation time. When the laser power is 5 MWfkm

(Fig. 5b), the luminescence intensity increases with ir- 3.
radiation time, reaches maximum, and then decreases.
If 532 nm light causes photodarkening, this decrease

in the luminescence intensity is due to photodarkening.:
We measured luminescence intensity of Y-45 after ir- > T. MIYOSHI, K. TOWATA, H. MATSUKI, N. MATSUO
radiation of 532 nm light only. However, we observed g
no change in the luminescence intensity. Thus, we must

use more complicated model than that shown in Fig. 37.
in ref. [6] to explain the decrease in the Iuminescence8 T

intensity for longer irradiation time.

4. Summary

The luminescence and ESR spectra were measured
CdS- and CdgSe_y-doped glasses. When photodark- 11.
ened CdS-doped glasses, Y-44, GG435 and 3-73, are
exposed to 500 nm light, the intensity and the decay2-
time of luminescence increase. Photobrightening dei

pends on glass composition and wavelength of laser
light, and it occurrs, when wavelength of laser light is 14.

longer than that of absorption edge.
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