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Selenium molecules and their possible role in deep emission from glasses
doped with selenide nanocrystals
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Lawrence Berkeley National Laboratory, Berkeley, California 94720

Subhash H. Risbud
Division of Materials Science and Engineering, Department of Chemical Engineering and Materials
Science, University of California, Davis, California 95616

(Received 15 January 1996; accepted for publication 8 April 1996

We report the observation of Raman scattering from a vibration mode with frequency of 320 cm

and its higher-order harmonics in silicate glasses doped with selenide semiconductor nanocrystals
such as CdSe and ZnSe. Comparison with Raman spectra of glasses and alkali halides doped with
Se suggests that these modes are caused by the presence of selenium molecules in the glasses. When
excited in the blue and green by an*Alaser, glasses containing Se only are found to emit strong
near-infrared luminescence whose peak and line shape are very similar to the so-called “deep
emission” observed frequently from selenide-doped glasses. Possible effects of Se molecules on the
linear and nonlinear optical properties of glasses containing selenide nanocrystals are discussed.
© 1996 American Institute of Physids$0021-897@06)00714-1

I. INTRODUCTION ZnSe, CdS, or Sewith an experimental silicate glass. De-

tails of sample preparation has been described elseWhere.

the case of CdSe-doped glasses two samples after different

amount of heat treatment were studied. The commercial
mple is a Corning filter glass that contains (R,

In the past decade semiconductor nanocrystasCs
have attracted considerable interesimong SNCs, CdSe
and Cd$Se _, nanocrystals embedded in a glass matrix is

considered a prototypical system that have been extensive tals. Most of th les h b h terized
studied due to their potential applications in nonlinear optica anocrystais. Most of the samples have been characterize

device ™ Photoluminescence from these semiconductory 20SOrPtion and transmission electron microscopizM)
doped glasse¢SDGS is usually utilized to determine the measurements to estimate the size of the SNC. Both Raman

exciton and defect energy levels of the SNC. Often in addi-and photoluminescence spectra were excited with the various

tion to exciton peaks occurring near the band gap of thémes_ of an Ar" laser, a He—Cd laser, and the_ secon_d har-
hano- monic of the output from a self-mode-locked Ti:sapphire la-

ST The scattered light was dispersed by a SPEX triple

crystals, a broad peak centered around 700—800 nm is als h ¢ d detected either b led GaAs oh
observed in glasses containing CdSe or CdSSe nanocrysta@pnoc.: romator and detected eiiner by a cooled 1>aAs pho-
multiplier tube using conventional photon-counting elec-

This near-infrared peak has been attributed to recombinatioH)

of excitons at deep traps in or near surface of nanocr)l?staléroniCS or by a liquid-nitrogen-cooled charge-coupled device
(CCD) detector. Measurements at liquid-nitrogen tempera-

and its intensity was found to decrease after intense irradia X !
tion; however, the exact nature of these deep traps has nevtéfe were performed with samples attached to the cold finger
' ' an optical cryostat.

been elucidated. In this article we report the observation of' an .

multiphonon Raman scattering from a new vibrational mode Figure 1 summarized t_he room-temperature Raman spec-

in glasses doped with CdSe and ZnSe nanocrystals. By co ra of several SDG grown in our laboratory. Samp_les Iabel_ed

paring these Raman peaks to those observed in alkali halid E1 and RE7 are both CdSe-c_ioped glasses while RZ2 is a

and glasses doped with Se alone we identify the presence Se-doped 9'“?: For comparison we show "’."50 the Raman
spectrum of the silicate base gla$sbeled BG without any

Se molecules in SDG. Correlating the presence of the Se™" .
molecules with the so-called “deep trap emission” we con—dOpmg' We notice that the base glass spect@mnshows
clude that their possible contribution to the near-infrared jufour Raman peaks at 550, 620, 780, and 1085 crtal
minescence and other linear and nonlinear optical propertielgbeled Q. These glass Raman peak; appear Fo some.extent
of selenide-doped glasses should be taken into account thea!':ggroégi:;:r;gzliss, 5;2/03\,%2 tsh:rlr:;r;gnlsr:tltehser:L)aetgc?at?)f
interpreting the experimental results. the CdSe-doped samples RE1 and RE7, bulklike CdSe LO
phonon and its overtonglbeled LO and 2L O, respectively
are observed around 210 and 420 ¢min the spectrum of

We have studied SDG grown by ourselves and purZnSe-doped sample RZ2, the small peak at 265 cfia-
chased from commercial sources. The specially developebeled LO can also be attributed to bulklike ZnSe LO mode
SDG were made by co-melting the semiconduct@dSe, although its frequency is slightly higher than that of bulk
ZnSe LO phonon(at 250 cm'Y). This difference may be
9present address: UNICAMP, Campinas, S.P. Brazi. caused by confinement or strain in the nanocrystals since the
DElectronic mail: pyyu@Ibl.gov intensity of this peak increases and its frequency decreases to

250 cmi * with longer heat treatment time.
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Il. EXPERIMENTAL DETAILS AND RAMAN RESULTS




Raman spectra of amorphous selenium, crystalline,S&del
Si,Se _, glas$® are quire different from the spectrum SE in
L0 o RE1 (o) Fig. 1. The strong multiphonon Raman scatteriMiRS) of
this unknown mode L, especially in the ZnSe sample RZ2
where overtones up to the seventh order can be observed,
suggests that it is a highly localized vibrational mode with
strong electron—phonon coupling. MRS is a well-
documented phenomenon in materials with strong electron—
phonon interactions, such as the polar II-VI
semiconductor$® in impurity centers in crystafs; and in
molecules. In particular, MRS has been reported in many
alkali halide crystals containing negatively charged chalco-
gen molecule$?1°For example, Raman spectra of,S®ol-
e SE (b) ecules in alkali halides have been found to contain many
overtone$?3of the vibrational mode of Semolecules. The
G frequency of this mode depends on the host and varies from
G 322 cnitin Kl to 349 cmitin KCl but is in the same range
BG @ of frequency as the mode L we observed in our samples. In
& addition to forming diatomic molecules, selenium has been
0o 5(')0 : 10'00 : 15'00 : 20'00 2500 found to exist in alkali halides in other molecular forms.
Their vibrational frequencies are, however, much lower than
Raman Shift (cm™) that of diatomic selenium. For instance,;Sieas vibrational
frequencies of 241 and 218 c¢thin KCI and Kl, respec-
FIG. 1. Raman spectra excited with an*Alser at room temperature. The tively. Based on the similarity between the MRS spectra of
notations are(a) BG: base glasgp) SE: selenium-doped glase) RE7 and  the mode L and those of Sen alkali halides reported in the
(e) RE1: CdSe-doped glas&d) RZ2: ZnSe-doped glass. The Raman p_eaks iterature. we propose that selenium is incorporated into
labeled G are due to the base glass. Those labeled LO are bulklike L(Ij ! prop i _p -
phonons of the SNC while L, 2L, ..., etc., denote the highly localized vibra-Samples RZ2, RE7, and SE in the form of diatomic mol-
tional mode of Sgmolecules and their overtones. ecules also. To our knowledge the existence of Se diatomic
molecules in glasses has not been reported before.
» ] Based on the above proposal we note that selenium mol-
~ In addition to the above-mentioned Raman peaks, W jes in SDGs are more stable than in alkali halides where
find, unexpectedly, in the spectra of samples RE7 and RZ2 g6y are metastable and can be destroyed at room tempera-
series of sharp peaks with frequencies equal to 320'@nd  re when exposed to light. This difference may be due to

its multiples. We have confirmed that these peddseled L, 5 gifference in their charge states. It is known that the bond
2L,3L,..., etc) are Raman modes by the fact that their fre-gyrength or dissociation energy of selenium molecules in al-
quencies relative to that of the excitation laser lines are cong,ji halides depends on their charge state, decreasing mono-
stant and by the existence of corresponding anti-Stokegnically from positively charged molecules to negatively
peaks. Their peak intensities are sample dependent. Hegfiarged ones. Our observation of such molecules in glasses
treatment can greatly reduce their intensities or even coms; room temperatures and above suggests that they are prob-
pletely eliminate them. This is reflected in the Raman specapy neytral or positively charged in SDGs. There are a few
trum of the CdSe-doped sample RE1 which is similar t0yenrts in the literature on the vibrational spectra of neutral
sample RE7, but shows no signs of these peaks. and positively charged selenium molecules in the gaseous
Since the main thing in common between the CdSe- and;ate. Using photoemission spectroscopy Wehgl*® mea-
ZnSe-doped samples is that both contain a selenide, thi§;req the vibrational frequencies of ;Sand Se to be 450
prompted us to measure the Raman spectrum of a glasg,q 385 cm?, respectively. On the other hand, Yee and
doped with seleniurP onlylabeled Se in Fig. 1 Indeed we  g5rront” found a frequency of 320 cnt in gaseous Se
find that the 320 cm™ mode and its harmonidagain labeled \5ing absorption and luminescence spectroscopy. Although
L, 2L, and 3L in the SE curyeappear now in addition 0 he yibrational frequency of neutral Smolecules seems to
those of the base glagpeaks labeled &5 depend on experimental technique, the frequency and MRS
nature of the 320 cm' mode we observed in SDGs are both
Ill. DISCUSSION OF RAMAN RESULTS consistent with those of neutral Seolecules.

Since the peaks L, 2L, etc., appear only in glasses con-
taining Se or a selenide, they must be caused by the preser?% PHOTOLUMINESCENCE RESULTS

of selenium or its compounds. It is highly unlikely that this Having established the possible existence of Se mol-
mode is the result of segregation of selenium into crystals irecules in SDGs, we have investigated their contribution to
the glass since the vibrational frequency of trigonal seleniunthe photoluminescencéL) of these glasses. Fabian and

crystal is quite different at 235 cm. Also the Raman spec- Fischet® have performed detailed studies of the emission
tra of bulk Se crystal do not show as many overtones as thand excitation spectra of chalcogen molecules in alkali ha-
seventh harmonic as in RZ2. Similarly we found that thelides. Through PL excitation measurements they found that

Raman Intensity (arb. unit)
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- (a) CdS doped glass -
A =441.6 nm

(b) Cds,Se,., doped glass

Photoluminescence Intensity (arb. units)
Photoluminescence Intensity (arb. units)

SE A =5145nm
W ] ]
500 600 700 800 900 500 600 700 800 900
Wavelength (nm) Wavelength (nm)

FIG. 2. Photoluminescence spectra excited with 514.5 nm line of an Ar FIG. 3. Room-temperature photoluminescenceapfCdS-doped glass ex-

laser at room temperature. The notations are same as in Fig. 1 BG: ba&ed with 441.6 nm He—Cd laser line, afio) a Corning filter glass con-
glass; SE: selenium-doped glass; RE1, RE7: CdSe-doped glass; and RZ&NINg Cd$Se _, nanocrystals excited with 514.5 nm ‘Ataser line.
ZnSe-doped glass. Features marked by an asterisk are artifacts resulting
from the detection system.

band-gap emission does not contain thg i@elecule peaks.

This may be explained either by the small amount of SNCs
present in the samples RE7 and RZ2 due to their dissociation
hinto Se molecules or by an increase in trapping of photoex-

the outputs of an A laser. The PL peak of these moleculescited carriers and subsequent radiative recombination at the

is Stokes shifted to the near infrared around 750—800 nm atelenium molecules. If the latter explanation is correct then

liquid-nitrogen temperature. They found also that the lumi-°"€ can infer that these Se molecules while located in the
nescence peak position depended on the host crystal. ass have to be close enough to the nanocrystals to act as

should be noted that these authors observed sharp vibronrigq,‘d""mve recomblnqtlon centers.'Thls means that the Se mol-
features in their Sg luminescence spectra at low tempera_ecules probably exist near the interface between SNCs and

tures, however, these features depend strongly on the ho%}eir glass host; however, further work is required to test this
’ ' idea

crystals, being very weak in RbCI.

Figure 2 shows the PL spectra of our selenium- anc1_
selenide-doped SDGs excited with an"Aaser at room tem- Iqu
perature. For comparison a similarly obtained spectrum o

the base glass is also shown. Minor structures in these spe% X i .

tra around 690 and 800 ntmarked by an asteriglare arti- To further test t.he idea that.selenlum may be responsible

facts of the detection system and should be ignored. SinCf r the broad near-infrared luminescence peak, we measured

ZnSe has a band gap around 2.8 eV, we have also used t e emission spectra of a CdS-doped glass and a commerical

390 nm second harmonic of a femtosecond Ti:sapphire las oming glass _fllter containing C¢Se, nanocrysta!s. In

as the excitation source for the ZnSe-doped sample RZ2. pth cases their Raman spectra do not show any sign of the
e molecule vibrational peak at 320 ¢t can be clearly

found essentially the same PL spectrum as that shown in Fig. -
2. The important result to note in Fig. 2 is that the PL inten- een from the PL spectra.m Fig. 3 that the CdS-doped glass
hows only bandgap luminescence around 470 nm, but no

ity f the b lass i ligibl II; h , i)
Sty from (e base giass 1s Negugibly small, NOWever, once Iygn of any peak between 700 and 800 nm. On the other

Ee?vsgsr? ;/\gtoh aS r? (;egguomr,] n? ;gsgg er r?.?g lsggtichil:csear%i)?g nd, the Corning glass which contains a selenide shows a
' weak near-infrared peak in addition to band-gap lumines-

RE7 and RZ2 all show a very similar broad peak in their PL d 610
spectra. For sample RE1, in addition to this broad low-CENCE aroun nm.
energy peak, there is also a sharper peak around 590 n

which can be attributed to band-gap luminescence by Com{:/n' IMPLICATIONS OF OUR RESULTS

parison with its absorption spectrum. On the other hand, the Our Raman and PL results strongly suggest that presence
Raman spectrum of sample RE1 which shows the strongestf selenium molecules in glasses that have been doped with

the main absorption peak of Senolecules lies in the blue-
green region and therefore could be excited efficiently wit

We have also measured the PL spectra of our samples at
id-nitrogen temperature. We found that the line shape of
}he broad near-infrared peak remained essentially unchanged
xcept for a red shift of about 20 nm in peak position.
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. . . . ' . the effect of intense irradiation on the Se molecules which
] may be present in samples doped with selenides SNCs. This
i is especially important if the sample exhibits a strong near-
(a) Before laser processing 1 infrared emission peak which may have sizable contribution
from Se molecules.

SAMPLE RZ2

3L
G

VI. CONCLUSIONS

] We have demonstrated the presence of selenium mol-
. ecules in glasses doped with SNCs of CdSe and ZnSe via
, . ) . ) | , ] Raman scattering and photoluminescence. The amount of Se
L ' ' o molecules in such SDGs depends on the way how they are
© prepared. Since these molecules are stronger emitters of ra-
a0 1 diation in the near-infrared than Raman scatterers, their pres-
C (b) Afterlaser processing 7] ence can be observed via Raman spectra only when their
B 7 concentration is high. However, it is likely that they are
L ] present to some extent in these glasses always since we have
1 found evidence of the near-infrared emission peak around
700—800 nm in nearly all glasses doped with a selenide
semiconductor. Due to their strong absorption of blue and
. ' : ' . ' : green radiation and annealing by the intense radiation, we
0 500 1000 1500 2000 conclude that the role of selenium molecules on the linear
Raman shift (cm™) and nonlinear optical properties of selenide-doped glasses
cannot be overlooked.

Raman Intensity (arb. unit)

FIG. 4. Raman spectra of RZ2 excited with 457.9 nm line of ah laser at
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Notice that before laser-induced heating the spectrum of the samfagi . . .
dominated by scattering from selenium molecules. After laser annealing the ~ This work was supported by the Director, Office of En-

sample in(b) shows only strong LO phonon peaks due to ZnSe. Changingergy Research, Office of Basic Energy Sciences, Materials
the excitation wavelength shows that the Raman spectrum in this case i§¢jences Division. of the U.S. Department of Energy under
enhanced by resonance of the excitation photon with the band gap of ZnS(E:On,[ract No. Dé-AC03-768F00098. P.AM.R. acknowl-
edges a fellowship from CNP¢Brazil). P.Y.Y. acknowl-

selenide-based semiconductors nanocrystals. This impliegfiges support from the J. S. Guggenheim Memorial Founda-
that during the initial stage of sample preparation when thdion in the form of a fellowship. S.H.R. acknowledges
selenide and the glass are comelted, some selenides dissogPport from the Electronic Materials Program, Division of
ate with the formation of diatomic selenium molecules. InMaterials Research, National Science Foundation, through
the heat treatment stage that follows, semiconductor nandySF Grant No. DMR 94-11179.
crystals are supposed to formed and grow in size. Some se- fo, Adv. Phvi2, 173(1969

; ; : For a recent review, see A. D. Yoffe, Adv. P , 173 (1 .
Ignlum molecules probably react with .metal cations and con 2G. Beadie and N. M. Lawandy, Opt. LeR0, 2153(1995.
t”bUt_e to the growth of nanocrystals; however, due to thesa s | Gomes, C. B. Dearatjo, A. Miliou, and R. Srivastava, Electron.
duration and/or temperature of heat treatment, not all Se Lett. 29, 1246(1993.
molecules are eliminated. This exp|ains Why in some 4C. Flytzanis, F. Hache, M. C. Klein, D. Richard, and P. Roussignol,

- rogress in Optics(North-Holland, Amsterdam, 1991Vol. 29; V. S.
samples, such as RE7, t_he amount of Se molecules is Iargéj\/illiams, G. R. Olbright, B. D. Fluegel, S. W. Koch, and N. Peygham-
gnough to show up both in the Raman and PL spe_ctra.whlle barian, J. Mod. Opt35, 1979(1988.
in other samples, such as REL, their concentration is todSee, for example, M. Krull and J.-L. Coutaz, J. Opt. Soc. An¥, B463
small to be observable in Raman scattering but still contrib-e(l_wcgol'__and (fjefse“;”c;_s tt)hzfej]”-A . Phye8, 28 (1990

. C. Liu and S. H. Risbud, J. Appl. , .
utes to the PL spectrum. To test the efffct of heat treatment; Baganich, V. I. Mikla, D. G. Semak, A. P. Sokolov, and A. P.
on Se molecules we have focused an” Aaser beam on  shebanin, Phys. Status Solit6 297 (1992.
sample RZ2 with enough power to heat it up locally so that®J. E. Griffiths, M. Malyj, G. P. Espinosa, and J. P. Remeika, Phys. Rev. B
it melted within the laser focal spot. After this laser anneal- ,30 6978(1984.
. . R. C. C. Leite, J. F. Scott, and T. C. Damen, Phys. Rev. 122t.780
ing process the Raman peak L from selenium molecules al'(1969.
most completely disappeared, while much stronger scatteringJ. . Scott, R. C. C. Leite, and T. C. Damen, Phys. R&8 1285(1969.
from ZnSe LO phonon was observed. These annealed RZ2T. P. Martin, Phys. Rev13, 3617(1976.

e 12H_Fabian and F. Fischer, J. Raman Spectr@8c515(1989.
sgn:jpltc)as t;’:}Isolexhlbl{t very strpng resonance effect when ©X5 " A Rebane and T. YU, Khaldre, JETP Le26, 51 (1977.
cited by blue laser 'ne@e? Fig. 4. . __ 'W. Holtzer, W. F. Murphy, and H. J. Bernstein, J. Mol. Spectr@:.13
We note that quenching of the near-infrared emission (1969.
peak by intense laser irradiation has been reported in CdSéJZH- Fabian and F. Fischer, J. Lumi43, 103 (1989.
doped glasses by previous workeasmd has been attributed Iiés?%gggg' B.Niu, Y. T. Lee, and D. A. Shirley, Chem. Phys. L83
to nonlinear effects such as saturation of deep traps by pho# k vee and R. F. Barrow, J. Chem. Soc. Faraday Tran§8/11180

toexcitation. Our results suggest that one should not neglect(1972.

J. Appl. Phys., Vol. 80, No. 2, 15 July 1996 Su et al. 1057



