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CdSe microcrystals were successfully dispersed in GeO, glass and CaF, crystal thin films
by rf-sputtering. All films prepared showed the blue shift of absorption edge in visible
spectra due to quantum size effect. The amount of the blue shift of the films increased with
decreasing the size of the microcrystals. Comparing the amount of the particle
size—depending blue shift of CdSe microcrystals dispersed in between the GeO,, CaF, and
SiO, matricies, the influence of the matrix on the shift was found. Therefore, it can be said
that there is an influence of the matrix on the quantum size effect. From the modified
theoretical calculation, the influence of matrix was considered to appear through Coulomb
interaction between electrons and holes. © 2000 Kluwer Academic Publishers

1. Introduction and holes, which should be also influenced by matrix.
Since Jain and Lind first reported high potential of theHowever, there has been no systematic works on the in-
semiconductor-doped glasses as photonic device owinfijpence of the matrix on the quantum size effect in the
to their large third-order optical nonlinearity [1], exten- semiconductor-doped glasses. Thus, this paper deals
sive studies have been carried out for the optical propwith the CdSe microcrystal-doped Ggénd Cal thin
erties and/or the quantum size effect of semiconductorfilms to explore the influence of the matrix on the quan-
doped glass systems [2—14]. In these aggressive workijm size effect.
the magnitude of® to in the order of 10° esu has
been attained and the relaxation time has been reduced
to in some tens ps. At the same time, it has been re2. Experimental procedure
vealed that various kinds of semiconductor can be uselflagnetron rf-sputtering method was used to prepare
as dopants for the glass, crystal or polymer matrix. FolCdSe microcrystals-doped thin films. For CdSe-doped
instance, CuBr, CuCl, CdS, CdSe, CdTe, ZnSe, PbS, Sbe( glass thin films, the crushed melt-quenched @eO
and Ge microcrystals were successfully incorporated iglass powders were homogeneously scattered on the
the various matricies, and the quantum size effect antarget plate, and CdSe pellets were put on the pow-
opitcal nonlinearity were examined [2—14]. ders. The relative surface area ratio of CdSe to £eO
The quantum size effect is theoretically classifiedwas varied from 17.2 to 28.6%. Substrates used were
into two types. One is exciton confinement effect andSiO, glass for optical measurements, offset Si for X-
the other is the independent confinement effect of elecray diffraction and KBr for TEM (transmission electron
tron and hole. When the radius of the microcrystal ismicroscopy). Sputtering power was varied from 80 W
sufficiently larger than the exciton Bohr radius, the ex-to 150 W, substrate temperature from 16Qo 320C.
citon confinement effect should occur. On the other Similarly, CdSe-doped Cafhin filmswere prepared
hand, when the radius is comparable or smaller thamsing the magnetron sputtering equipment. The CaF
the exciton Bohr radius, the independent confinemenpowders were homogeneously scattered on the target,
of electrons and holes should take place [9]. As preand CdSe pellets were placed on the powders. The rel-
viously reported [15], the semiconductors with smallative surface area ratio of CdSe was varied from 9.5%
exciton Bohr radius such as CuCl or CuBr follow the to 25.6%, the input power was in the range from 60 W
exciton confinement, and the matrix affects should onlyto 90 W and subatrate temperature was kept at@60
the ditribution of the semiconductor particle size [15]. The different kinds of substrates described above were
On the other hand, CdSe microcrystals or quantunused for the respective purposes.
dotts should follow the independent confinement rule. X-ray diffraction (XRD) patterns of the films were
However, the significant deviation from the indepen-measured to explore the crystal phases with Shimadzu
dent confinement was found in the CdSe-doped,SiOXD-610X diffractometer using Ni filtered CuKradia-
glass film [9]. It is considered that this deviation is tionasasource. X-ray phtoelectron spectroscopy (XPS)
caused by the Coulomb interaction between electron§Shimadzu ESCA 750 and ESCA PAC 760) was used to
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Figure 1 XRD patterns of CdSe-doped GgQ@lass thin films prepared 410
using various relative surface area ratio.
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investigate the chemical bonding state and concentra-
tion of each elementin the films. MgKine was used as — T
an X-ray source and the binding energy was caliblated
against C 1s peak. Visible spectra were obtained by Shi-
madzu UV-VIS-NIR Recording Spectrometer at room
temperature. The shape and size of the microcrystals
were explored using transmission electron microscope
(TEM) (Hitachi H-800).

3. Results

3.1. CdSe-doped GeO, glass thin films

Fig. 1 shows XRD patterns of the films sputtered using
various surface area ratios under the applied voltage
of 150 W at the substrate temperature of XkB0Two
types of CdSe crystals having wurtzite and zinc-blende
structures are seen in all the patterns. The diffraction TR -
lines become sharper with increasing surface area ra- 60
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tio, and thus one can point out the mean particle size Binding Energy /eV
of microcrystal increasing with increasing the ratio. )

This is the same tendency as in the CdSe-doped sil-

ica films [9]. With respect to substrate temperature, theigure 2 XPS spectra of (a) Cd 3¢ and (b) Se 3d in CdSe-doped GO

most sharp diffraction peak was obtained atZ7and  9lass thinfilms.

the broadening of the peak occurred at higher substrate

temperature. This fact meansthatthere is an appropriate

temperature to increase the particle size. As for input The absorption spectra are shown in Fig.4. The ab-

power, there is no obvious difference in XRD patterenssorption edge shifts to shorter wavelength as the rela-

between the films sputtered under 100 W and 150 W. tive surface area ratio CdSe to Ge& preparation de-
Fig. 2a and b depict typical XPS spectra of Cglad creases, which indicates the existense of the quantum

and Se 3d of a film, respectively. Spectra of Cd snd Seize effect since the particle size decreases as the ratio

are seen to correspond with those in CdSe, implyinglecreases.

that only CdSe is formed in the films and oxidization

of incorporated CdSe scarecely occurs. And, no GeSe

nor Ge formation is detected from Ge 3d spectra, an®.2. CdSe-doped CaF; thin films

the peak position agrees with that of Ge®hus, itcan  Fig. 5 shows XRD patterns of CdSe-doped &&lns

be said that CdSe is successfully doped in @glass prepared at various relative surface area ratios. Besides

thin films. the diffraction peaks of CaFcrystalline matrix, the
Atypical TEM picture ofthe CdSe-doped Gg@lass  peaks of CdSe comes to be intense as the surface area

thin film is shown in Fig. 3. One can see that dark spotgatio increases. This means that the mean particle radius

are scattered in the films. The dark spots correspondf incorporated CdSe increases as the ratio increases

to CdSe microcrystals. Basically, CdSe microcrystaldike in CdSe-doped Gefor SiO, glass thin films.

are homogeneously scattered in the film. The shape dfhe crystal types seen are zinc-blende and wurzite type

particles looks sphere. ones.
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Figure 3 A TEM picture of CdSe-doped Ge@lass thin films &« 600,000).
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Figure 4 The absorption spectra of CdSe-doped Gefass thin films.
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Figure 5 XRD patterns of CdSe-doped Caétrystal thin films prepared
using various relative surface area ratio.
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Figure 6 XPS spectra of (a)Cd 3g, (b)Se 3d, (c) Ca 2p and (d) F1s in CdSe-doped Gaistal thin films.

XPS spectra of the films are shown in Fig. 6a—d for4. Discussion
Cd 3d;2, Se 3d, Ca 2p and F1s, respectively. From theAs described in the section of the introduction, the
figures, it is pointed out that Cd and Se exist as CdSguantum size effect is theoretically divided into two
without any oxidization, and that Ca and F exist as£aF categories. On the basis of the theory, the quantum size
in the films. No oxidization or reducion of chemical effect of CdSe-doped should follow electron-hole in-
species is detected. dependent confinement rule since the Bohr radius of
In TEM picture depicted in Fig.7, black spots are the exciton of CdSe is sufficiently larger than the mi-
seen in the obscure background. The shape of the spatgocrystal size. Theoretically, the amount of blue shift
look circular. Then the deposited particles seem to b§A Eg) as a function of microcrystal radiuRY should
spherical. From the figure, it can be noted that the misatisfy the following equations [9],
crocrystals are notformed at the grain boundary ofCaF

but included in the matrix crystals. AEq — h? (1)2 )
With respect to absorption spectra in Fig. 8, the ab- 9= 2u\ R

sorption edge shifts to shorter wavelength with decreas- 1 1 1

ing relative surface area ratio as in the CdSe-doped = 4= 2)

GeQ, glass thin films, in other words, with decreasing no Me My

microcrystal size. It means the occurrence of quantumvhere i is, so-called, reduced mass, andm;, are

size effect in the film. the effective mass of electron and hole, respectively.

3100



Figure 7 A TEM picture of CdSe-doped Caferystal thin films & 600,000).

In ref. [9], the experimental relation betweatieg and  wheres,, andeg are the dielectric constant at frequency
R significantly deviated from Equation 1 in the CdSe-infinite and zero, respectivelR* is the mean distance
doped silica glass thin films. Thus, in order to explainof electron and hole ang andp, are the polaron radius
this deviation, Coulomb interaction between electronf electron and hole, respectively.

and holes and the squeezed exciton effect were taken On the other hand, when exciton confinement takes

into account [9] as place, theAEg is expressed as
h2 /72 e? 2
AEg=—(=) - 17 —0.248R h? (x
=2 ( R) 86 ~0-248RY  (3) AEg= oo (ﬁ) )

wheree is dielectric constant, Ryis effective Rydberg
constant. In addition to Equation 3, the variationsof whereM =m,+ my, and called translational mass.
depending on particle size has been taken into consid- Fig. 9 shows the amount of the blue shift,Eg, of

eration by Haken potential [16], CdSe-doped Gefylass thin films as a function of re-
ciprocal microcrystal radius. As has been seenin CdSe-
1 — 1 (i _ i) doped SiQ glass thin films, the experimental plots sig-
e(R*) e €00 €0 nificantly deviate from both the theoretical curves given

exp(—R*/p1) + exp(—R* by of Equations 1 and 5. The experimental plots ac-

(1 - PER'/p) > p( /p2)> cording to Equation 3 are shown in Fig. 10. Two curves
of the theoretical plots of Equation 3 usiagf CdSe

4) and GeQ are also shown for comparison. As seen in
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Figure 8 The absorption spectra of CdSe-doped £afystal thin films.
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Figure 11 The amount of blue shift as a function of the square reciprocal
radius of the microcrystals for CdSe-doped gaFystal thin films.
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Figure 9 The amount of blue shiftAEg, as a function of the square 1/ R2 / nm'2 [x10'1]

reciprocal radius of the microcrystals for CdSe-doped &glass thin
films with two theoretical curves of Equation 1 and Equation 5. Figure 12 The plot of the amount of blue shift for CdSe-doped §iO
GeQ and Cak thin films against the square reciprocal radius of the my-

crocrystals for CdSe-doped Gaérystal thin films with the theoretical

1 T T T T T T T T T curves of Equation 3 using,, of the matricies.
0.8 Ef_(%gga 1 Fig. 11 depicts the amount of the blue shift as a func-
- S 1 tion of the microcrystal radius for CdSe-doped gaF
3 0.6 £q.(1) I A"'E(%Zzoe) - film, being based on Equation 3 similarly to the CdSe
- 3 LA 2 4 doped GeQ glass thin films. The significant devia-
ui’ 0.4 L7 A - tion from both theoretical curve of Equations 1 and
N i P _ 5 is also seen. However, by using Equation 3 with
0.2k ’ . i of Cak,, the experimental data is explainable in terms
| Eq.(5) | of the quantum size effect which is influenced by the
0 — 7 . matrix.
0 1 2 3 4 5 The influence of matrix is summarized in Fig. 12.
17 R2 / nm_2 [x107] Each point follows the theoretical curve of Equation 3.

Three theoretical curves are drawn usiggof the three
Figure 10 The amount of blue shift as a function of the square reciprocaldlﬁeren.t matrix mate”als' The _c0|n_C|dence_ among the
respective experimental data implies the influence of
the matrix. From the results, it is found that the high
€00 Matrix material gives largekEg and vice versa. In
contrast to the dopant with small exciton radius [15], the
this figure, the experimental relation is successfully ex-quantum size effect is clearly influenced by the matrix
plained on the basis of Equation 3 with, of Ge®.  for the dopant with large exciton radius.

This behavior agrees with the results for CdSe-doped

SiO;, glass thin films. In that case, the amount of the

blue shift was explained by Equation 3 using of 5. Conclusion

SiO,. Thus, the influence of the matrix can interpreteCdSe-doped Gefglass and Caf-crystal thin films
both case of the quantum size effect. were successfully prepared by magnetron rf-sputtering.

radius of the mycrocrystals for CdSe-doped Geflass thin films with
the theoretical curves of Equation 3 using of CdSe and Ge®
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