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ABSTRACT. The similarities and dissimilarities in the optical and related properties of conventional
(e.g. CdS) and unconventional (i.e. metal-halide chain complexes, organic ion radical saits, polymers
etc) semiconductors (bulk and small particles) are reviewed and some recent results are briefly re-
ported. The blue shift of the excitonic or charge transfer bands, by decreasing the size of the particles,
is a common feature in the spectra of this kind of materials,

1. Introduction

The spectra of semiconductors have more than one peak caused by several different
mechanisms such as phonons (lattice vibrations) and excitons (bound electron-hole
pairs).In the ultraviolet-visible-nearinfrared spectral region, the more interesting
peaks are those arising from excitonic and other states inside the gap as well as from
exciton-phonon interactions[1]. The optical absorption (OA) spectra of semicon-
ductor particles show particle-size effects. Such effects, arising from the size quanti-
zation of excitonic states, have been observed for the first time by Berry [2] and then
by the author [3] and Ekimov et al [4], independently. The author confirmed Berry’s
results by parallel observations of OA spectra, photoluminescence (PL) spectra and
resonance Raman excitation (RRE) profiles of CdS particles [3]. The first theoreti-
cal descriptions (of quantum confinement of semiconductor excitons in all spatial di-
mensions) were given by Efros and Efros [5] as well as by Brus et al [6]. Since then,
several research groups have studied linear and nonlinear optical properties of a
number of three-dimensional (3-D) semiconductors finely dispersed in liquids,glasses,
pclymers etc (see [7-13] and refs therein). Also, properties of quasi-two-dimen-
sional (g-2-D) or two-dimentional (2-D) semiconductors, such as Pbl,, PbI42', have
been reported [14,15]. In the mid years, similar effects in the spectra of one-dimen-
sional (1-D) semiconductors (i.e. metal-halid chain complexes, organic ion radical
salts, etc) have been observed [16-26]. In this paper, the similarities and dissimilari-
ties in the optical and related properties (OA,PL, resonance Raman (RR)spectra and
RRE profiles) of several compound semiconductors ( bulk and small particles) are
reviewed and some recent results are briefly reported. Observations at room tem-
perature are mainly discussed.

2. Cadmium Sulfide (CdS) and Similar Compounds

It is well known that CdS is crystallized in the hexagonal or cubic system, but there
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are no significant differences in the optical properties of these two phases in the opti-
cal range close to the gap energy, E_ (=2.55 eV, 486 nm ). The compound is a 3-D
semiconductor with a weak anisotropy. It is a direct-gap semiconductor. Fig. la
shows the OA spectra of a thick single-crystal specimen of (hexagonal) CdS with
thickness of 0.89 um. They were observed with light polarized parallel (Il) and per-
pendicular ( 1) to the c-axis (see [2] and refs therein). The slight hump or shoulder at
ca 2.52 eV is due to (Wannier) free-excitons. It becomes sharper and is shifted to
higher energies at low temperatures. The value of excitonic energy (E.,), corre-
sponding to the lowest level, is given by the fo]lowmg equatlons (see [1])

Ecszg—Eb;Eb=e/28r;r=eh /ue (D

where E, is the binding energy of exciton, € is the electron charge, ¢ is the dielectric
constant of material (e.g. CdS), r is the (effective) Bohr exciton radius and u is the re-
duced mass given by 1/u=1/m, + 1/m, (m,,is the electron mass and my is the hole
mass). For CdS, E,=30 meV and 2r= 60 A. The excitonic structure i$ more pro-
nounced in the PL spectra and RRE profiles of CdS. PL spectra give also informa-
tion on some other states inside the gap. Fig.1b shows the PL spectra of a single
crystal of CdS for parallel and perpendicular polarizations.The bands at ca 505 nm
(band-edge emission) are due to free-excitons, the weak bands at ca 555 nm (shallow-
trap emission) may be due to polaron- or impurity-states [3], and the bands (at ca
705 nm [3,8] )(deep-trap emission) are due to self-trapped excitons associated with
the lattice imperfections (only the high energy tails are shown in Fig.1).The longitu-
dinal optical (LO)-phonon modes in the RR spectra of CdS occur at ca 305 cm! (see
below, Fig. 2).Fig.1c shows the RRE profiles (i.e. the variations of intensity of LO-
phonon modes with the energy of the exciting light) of CdS for both polariza-
tions.Because of the strong exciton-phonon interactions, the RRE profiles show
maxima near the excitonic absorption band [1].When the crystal thickness is of the
order of the Bohr exciton diameter, the excitonic shoulders or bands are strongly
shifted to higher energies with simultaneous broadening of the gap (see [1] refs
cited in[3] herein). Similar shifts have been observed in the spectra of small particles
of CdS and similar compounds [2-13, 2 2] Samples of small particles of CdS have
been mainly prepared by reaction of Cd** with H,S in liquids, polymers etc. Thin
deposits of CdS particles on quartz or CaF, pates have been prepared by similar
methods [3]. In most cases, the samples consist of spherical particles wirth a wide
size distribution. Fig. la’ and Fig. 1a” * show the OA spectra of CdS deposits, con-
sisting of small particles of ca 100 A [3] and ca 70 A [26] diameter, respectively .
One can see that the excitonic shoulder is shifted to higher energies as the particle-
size decreases. The effects are more pronounced in the PL spectra as well as in RRE
profiles of 1LO-phonon mode [3], as it is shown in Figs. 1b", 1b" " and 1c¢", 1¢" 7,
respectively. The excitonic bands occur at 468 nm and 460 nm in the PL spectra of
small particles of ca 100 A and ca 70 A | respectively. The PL bands of particles
with size of 40,200, 1000 and 1500 A occur at 450, 480, 496 and 500 nm, respective-
y [26] (see also [6,8]). Similar results were obtained from the RRE profiles (Figs.
lc”, 1¢” "[3,26]). The broadening of the bands in the spectra of small particles is
mainly due to the wide particle-size distribution (see [12]). The PL shoulder at ca 550
nm (shallow-trap emission) becomes more pronounced and the intensity of excitonic
peak decreases after heat treatment. This is due to the increase of Cd concentration
[3, 8]. In some samples of CdS and other semiconductors, the excitonic PL band i
very weak. It has been shown that the poor excitonic luminescence of small parti-
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Fig. 1.OA (a,a’,a " ),PL (b, b’, b"") spectra and RRE profiles(c, c’, ¢*") of a sin-
gle-crystal specimen (0.89 um) of CdS (a) (see [2]), of a (thicker) single- crystcd of CdS
(b,c) [26], of a thin deposit of CdS particles (ca | 00 A) on quartz plate (a b’, ¢ )[3]
and of a thin deposit of CdS particles (ca 70A) on CaF, plate (a’",b"",c”) [ 76]

Fig. 2. R R spectra of a single crystal of CdS(a) [26] and of a deposit of small CdS par-
mcles (ca 100 A) (excitation line 488 nm) [3]. The particle-size dependence of

Ly o/1;1 0 18 shown in the insert [3,24, 20].

cles is due to intrinsic or extrinsic effects [8] or to the increased nonradiative decay
in excitons at surfaces [8.9].The nature of the surrounding medium plays an impor-
tant role in the intensity of PL bands. Quantume-size effects have been mainly studied
by OA and PL spectroscopy [1-8, 10]. When there are exciton-phonon interactions
(as in CdS),RR spectroscopy is extremely effective for the study of quantum size ef-
fects. Fig. 2 shows the particle size effects in the intensities of RR spectra and details
in PL spectra near the excitation line (488 nm). One can see that, in single crystal,
the intensity (1) of 2LO-phonon mode is higher than that of the 1LO-phonon mode
for both polarizations, while, in the case of small particles of CdS (ca 100 A), the re-
sult is opposite. When the particle size is (close to and) larger than the Bohr exci-
ton-diameter, a linear relationship of the ratio A=l,,  / 1, , versus particle size has
been obtained (see insert in Fig. 2) [24, 26], namely, A decreases as particle-size de-
creases. Because of the exciton-phonon interactions, the following equation was
found for the excitonic energy (E,,) (see [9] and refs cited therein):

Eo = E; 2E o + B(1 /A)72 (2)
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(where E, is the energy of excitation-line and B is a constant). From this equation
and the expenmental data of Fig. 2 (insert), one can find that Eex increases as the
particle-size decreases. The E,, values are plotted versus 2R in Fig.3 together with
those obtained from PL spectra. The E,, values are compared to those obtained
from quantum mechanical calculations. For spheres with diameter (2R) much larger
than the Bohr exciton diameter (:weak confinement or exciton confinement), the fol-
lowing equation has been found [5,13]:
2 2 2
ECX:Eg—Eb+hn/2(me+mh)R (3)
For spheres with diameter much smaller than the Bohr diameter (:strong confinement
or confinement of individual particles) the following equation has been found [6,13]:
2 2

Ee =E, - 0248 E_+h m'/2)R" - 1786 ’/eR )
More complicated formulas, which cover a wide range of R, are given in the litera-
ture. For a spherical-dielectric continuum model (SDCM), for example, see [13].

The results of calculation are plotted in Fig.3, for comparison with experimental
points obtained from the RR intensities and PL band positions. One can see that for
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Fig.3. Particle-size dependence of the excitonic energy (E.,) of CdS particles, ob-
tained from experimental data of Fig.Z (insert) and eqn (2) (open circles) as well as
that obtained from PL spectra (closed circles). Solid line presents the calculated val-
ues using SDCM, dashed line presents the calculated from eqn (3) and dashed-dotted
from eqn (4).

Fig. 4. OA (a) and PL (b) spectra of Cd, S (SPh), clusters (7A<2R<104) in tetrahy-
drofurane (:clusters obtained by efectrolytzc method) [26].

particles with 40 A<2R<1000 A the results from both RR and PL spectra obey the
quantum mechanical theories. Consequently, RR speciroscopy could be suggested as
a method for investigation of quantum size effects, especially in the cases for which
PL. spectra are weak and OA spectra are difficult to be observed. Recently, quantum
size effects, in particles with size much smaller than the Bohr-exciton diameter, have
becn reported (see [10-13]). Also recently, semiconductor clusters of the formula
CdXAy(SPh)Z (A=S, Se) have been prepared and their properties studied (see




\

497

[11,12,26] ). They were prepared from [Cd 4(SPh)m]4 [11] by heating at ca 250°
C[12,26], by electrolysis in acetonitrile [2%] and by treatment with Na,S [12]. The
OA spectrum of Cd Sy (SPh),, obtained by the first method, with a core (CdXS )
smaller than 10 A shows an excnomc peak at 346 nm [12], while the correspondmg
PL spectrum shows only a broad band at ca 480 nm (shallow-trap emission), as in the
case of heated samples of CdS particles. The blue shift may be due to size quantiza-
tion of the shallow-trapped states [8]. However, the OA spectrum of similar clusters,
obtained by the electrolytic method [26], shows an excitonic band (at 320 nm), while
the corresponding PL spectrum shows both the excitonic band (at 360 nm) and the
shallow-trap emission band (at 470 nm). The corresponding spectra are shown in
Fig.4. The OA spectra of monodisperse clusters (prepared by treatment with Na,S)
show sharp excitonic bands, as they are needed for technological applications [12].

3. (CH3NH;)SnBr; and similar compounds

(CH3NH3)SnBry has a cubic perovskite structure. It is a (synthetic) 3-D semicon-
ductor. A weak particle size effect has been observed in the spectra of
(CH,NH,)SnBr; and similar materials (with Linstead of Br, and /or Pb, instead of Sn)
[15] The OA spectrum of a thin film of this compound shows an excitonic shoulder at
560 nm and the PL spectrum shows a band at 579 nm(film)or 590 nm (single crystal).

4. Lead lodide (Pbl,), (C, H,, {NH3),Pbl, and similar compounds

Pbl,, Hgl,, and Bil; are layered q-2-D semiconductors. Quantum size effects in the
()A and PL spectra have been reported in refs [14]. Also, (C,H,,, NH;),Pbl,
(and similar compounds with Cl and Br instead of I and/or Sn instead P of Pb) are (syn-
thetic) 2-D semiconductors (natural quantum wells) with interesting linear and non-
linear optical properties (see [15] and refs cited therein). In these compounds, the
perovskite-like 2-D networks of Pbl, correspond to quantum wells, while the alky-
lammonium chains play the role of barriers and sandwich the wells. In the limit of
strong confinement, the binding energy of 2-D systems is four times larger than that
of 3-D systems [27]. In the present case, the binding energy is 240-360 meV and the
corresponding Bohr-exciton radius is 18-12 A. The OA and PL spectra of small parti-
cles or thin films showed excitonic bands at higher energies and sharper than those of
the single crystals. The bands show sharp absorption feature [15] as in the monodis-
perse CdS clusters [12]. However, it is not clear yet if the shifts in the bands are due
to the size quantization of excitonic levels. The reason is the smaller Bohr-exciton
radius, which means that one needs samples with very small particles in order to
observe strong particle-size effects in the OA and PL spectra. The corresponding 2-
D artificial systems based on GaAs/ AlGaAs show quantum size effects after etching
the wells to form quantum wires and quantum dots, because the excitonic diameter
(2r) of wells is large (ca 200 &) [27]. In the present case, perhaps because of the weak
exciton-phonon interactions, RR spectra are not observed at room temperature, but
only the shallow-trap emission can be observed in the PL spectra of doped samples
[14, 15, 26].

§. Pt(en),Pt(en),Cl,(Cl10,), and similar compounds

Pt(en),Pt(en),Cl,(ClO,), (where en=ethylenediamine), referred to hereafter as PtCl,
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is crystallized as red or greenish needle-like plates, in which the b-axis is the needle-
axis. The crystals consist of Pt ! (en), and Pt!V(en), units, which are stacked alterna-
tively along the b-axis, constructing a linear chain of Cl---pPt._Cl —pt!V —
segments (see for example[28]). It behaves as an 1-D semiconductor (: natural quan-
tum wires system). It is a Peierls distorted system with strong electron-phonon (e-p)
interactions. Some NiBr-analogs do not show Peierls distortion and are character-
ized as Hubbard insulators, in which the 1-D instability due to e-p is suppressed by
the on-site e-e Coulomb repulsion energy (U) on Ni site. Since the observation of 1-
D semiconductor character of PtCl and the particle size effects in the optical proper-
ties of PtCl and similar compounds [19], several research groups have studied linear
and nonlinear optical properties of these materials, in single crystal form or in pow-
dered form (see [20-22, 24-36] and refs therein). Fig.5a, shows the OA spectrum of a
greenish single crystal of PtCl with polarization parallel to the chain axis, obtained by
Kramers-Kronig transformation of the corresponding reflectance spectrum [20].The
strong band at 454 nm is a charge transfer band (CTB) with a CTB- edge E ==2.5 eV
(495 nm). Some weak bands or shoulders at lower energies were initially att gbuted to
(Wannier) excitons [20, 22], but subsequent experiments and theoretical calculations
showed that the lowest energy bands are due to polarons, bipolarons, solitons etc (see
[28-29]).Als0, electroabsorption and other experiments as well as theoretical calcula-
tions have showed that there exist one odd-parity (optically allowed)excitonic peak
at ca 480 nm and one even-parity (forbidden) excitonic peak at higher energy close
to E, [29-31]. In the 1-D systems, because of the infinite value of excitonic binding
energy, the excitonic peaks should occur far from E)g [27,32] but, in the case of PtCl,
some broadening mechanism (such as e-p interactions) amalgamates the excitonic
peaks into a single broad band (CTB) [31]. Perhaps, the broadening of CTB is also
due to the wide distribution of the segment-length, in accordance with the results ob-
tained from a variety of single crystals [20, 24]. The OA spectrum of another crystal
of P1Cl, which is red in colour, with E =2.72 eV (456 nm), shows a maximum at 423
nm (Fig.5a,). The OA spectrum of small PtCl-particles (ca 80 A, suspensions in CCl,
or deposits on quartz plates) [19, 20], shows a maximum at 410 nm (Fig.5a"). The
PL spectrum shows a strong band at ca 1000 nm [20, 33] (only the high energy tail is
shown in Fig.5), which is due to self-trapped excitons. [t does not exhibit particle size
effects, perhaps because of small Bohr radius. The weak shoulders (690-770 nm) cor-
respond to the polaronic absorption peaks. The stronger shoulder at 540 nm, which
is shifted to longer wavelengths (512 nm) in the spectrum of small particles, may be
due to free-excitons (Fig. 5by,by,b"). The observed poor luminescence is due to in-
trinsic or extrinsic effects as in the case of CdS [8].A shift in the corresponding RRE
profiles of PtCl (Fig.5¢,,¢,, ¢ see also [19, 33]) as in the case of CdS, can be con-
sidered as a consequence of the exciton-1LO-phonon interactions, because their posi-
tions occur close to the odd-parity excitonic peak. Both, PL spectrum and RRE pro-
files are shifted to higher energies as the particle size of PiCl decreases, as in the case
of CdS. The PL spectra of PtCl (single crystals and small particles) doped with PdCl
show a band at ca 720 nm (shallow-trap emission) [26] similar to that observed in the
deoped CdS samples. RRS of asingle crystal and small particles as well as the parti-
cle-size dependence of 121 o/ 11 o in PtCi are shown in Fig.6. The particle size de-
pendence of the excitonic energy (E,) of PtCl particles is shown in Fig.7. The re-
sults are similar to those of CdS (Fxgs 3.4). However, in contrast to the spectra of
CdS, the first overtone (2LO) in RR spectra of PtCl was never observed higher than
the fundamental (1LO) [24], perhaps because of the short-segments structure of PtCl
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Fig.5. OA (a,a, a’), PL (b,,b,, b") spectra (the Raman lines have been eliminated)
and RRE profiles (c,,c,, ¢’), of a greenish single crystal (a pbpcy) of a red single
crystal (a,,b,,c,), anc} o% small particles (a’, b", ¢”) of Pt Cl (from [19,20,24,2¢]).
Fig.6.5ame as in Fig.2, but for PtCl and excitation 454.5nm (from [19,20,24,26]).

single crystals. There is also a small shift of the Raman lines (LO, 21.O etc) of PtCl
and a larger one in PtBr-analogs to higher (Raman) frequencies as the particle size
decreases ([19-22], see also [34,35]). A broadening of the excitonic bands is a conse-
quence of the wide particle (segment) size distribution. Each segment has a specific
LO-mode, the corresponding OA spectrum and RRE profile. In other words, several
segments with different lengths show different resonance Raman lines; each one of
these lines comes into the resonance at different excitation energies. But, because of
the e-p broadening mechanism and/or the wide particle-size distribution in the sam-
ples , a broad RRE profile was obtained. Similar results were obtained from other
MX(metal-halide chain)-systems (M=Ni, Pd, Pt; X=I, Br, Cl) as well as from mixed-
halide, mixed-ligand and mixed-metal analogs [19-26]. Crystals of PtBr (E, =1.5 eV)
are green in colour and become violet after grinding,with OA maxima at 6&0 and 530
nm, respectively. Crystals of Ptl (E, =1.2 eV) are golden and become blue after
grinding,with OA maxima at 1100 andg750 nm, respectively. Because of the large dif-
ferences in E,, MX compounds have been used for preparation of 1-D superlattices.
Superlattices of single crystals of mixed-halide MX, X", . materials are repor-ted in
[1,34-36]. They consist of segments of pure MX and MX" producing junctions be-
tween the distinct halide segments. The optical and related properties depend on the
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nature of M, X, X"as well as the concentration, namely the segment length. The fol-
lowing systems have been extensively studied:PtCl Br, , PtCL I and PtBr,I
for a variety of concentrations (x). It was found %‘hat PtX I, cﬁam matenals
1-D analogs of p-n junctions [34,36]. Calculated OA spectra o)f single crystals and
small particles can be obtained using extended Peierls-Hubbard model [18,26, 28, 29]
with the appropriate values of U and/or other parameters.

1x’

6. KTCNQ and similar compounds

KTCNQ (where TCNQ=tetracyanoquinodimethane) is crystallized as needle-like
plates with a copper-lustre. The crystals are composed of 1-D columns of TCNQ
molecules, which stand face to face along the a-axis. Complete charge transfer takes
place between the TCNQ molecules and K; the electrons are nearly localized on
TCNQ molecules due to large on-site Coulomb energy (U = 1.15 eV) as compared to
the transfer-energy (t = -0.2 eV) between adjacent molecules in the stack (see [37]).
It behaves as an 1-D semiconductor along the a-axis. It is an 1-D Peierls-Hubbard
system. The OA spectrum with polarization parallel to the a-axis shows a charge
transfer hand (CT,) at ca 1250 nm, a shoulder (CT,) at a 880nm, another shoulder at
ca 2500 nm and a CTB-edge, Eé=0.95 eV, 1305 nm) [16,37]. Fig.8 shows that the
CT-bands of small particles are shifted to higher energies as the particle size decreas-
es [16]. TCNQ monolayers on K- or Na-glasses are self-assembled-like systems, with
a CT band at ca 880 nm [16]. Similar results have been obtained from other
anion radical salts of the type MTCNQ (M=Na, Cu, Ag, etc) [16,17] and from
some cation radical salts based on tetrathiafulvalenes [23]. Calculated OA spectra of
KTCNQ using Hubbard-model for various values of U, from 1.15 eV(bulk) to 1.4 eV
(very small particles), were found in agreement with the experiments
[18].Recently,PL spectra have been observed by using a YAG laser [26].The PL spec-
tra of KTCNQ (Fig.8) show weak bands at ca 1150 nm. Moreover, they show up-
ward slopes from 1250 nm to shorter wavelengths, perhaps, due to self-trapped exci-
tons; they do not show particle size effects, as in the case of PtCl [24].
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Fig.7 Particle-size dependence of the excitonic energy (E.,) of PtCl particles ob-
tained from eqn.(1) and experimental data of Fig.6 (insert).
Fig. 8. OA (a,b) and PL (c,d) spectra of KTCNQ particles with size ca 1000 & (a, ¢)

and 90 A (b, d) [16,26].
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7. Conjugated Polymers

m-conjugated systems (e.g. polyacetylene and polydiacetylene) and o-conjugated sys-
tems (e.g. polysilanes) are 1-D semiconductors (i.e. natural quantum wires). The lin-
ear and nonlinear optical properties of these materials are reported in a number of
papers (see [36,38-47] and refs. therein). The OA spectra of polydiacetylene [38]
and polysilane [39, 40] show sharp excitonic bands. In the case of polyacetylene, as in
the case of MX complexes, a broadening mechanism- amalgamates the excitonic
peaks to a broad band [31]. RR and PL spectra have been observed in most cases.
The RRE profiles, arising from exciton-phonon interactions, showed maxima near
the excitonic bands [38,41]. Particle (segment) size effects in the spectra of m-conju-
gated polymers and polysilanes have been reported in [36,38,42] and [40], respective-
ly. Earlier investigators interpreted the spectra of small polyenes using a modified
particle in 1-D-box model [42]. The positions of the absorption peaks, which are due
to excitons, are shifted to higher energies as the size of the chain decreases. The 1-D
excitons have an intermediate character between Frenkel and Wannier excitons ([43]
and refs therein). The Su-Schriffer-Heeger or the extended Peierls-Hubbard models
were applied for calculations, concerning excitonic, and other states (see [46] and
refs therein). They could be also applied for the calculations of the OA spectra of
small chain polymers (oligomers) using the appropriate values of U and/or other pa-
rameters [18,46]. For some alternative considerations see [40, 47].
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