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OPTICAL AND RELATED PROPERTIES OF SOME NATURAL THREE
AND LOWER DIMENSIONAL SEMICONDUCTOR SYSTEMS ‘

G. C. PAPAVASSILIOU, 1. B. KOUTSELAS, D. J. LAGOUVARDOS, I
KAPOUTSIS, A. TERZIS* AND G. J. PAPAIOANNQU**

Theoretical and  Physical Chemistry Institute, National Hellenic Research
Foundation, 48, Vassileos Constantinou Ave., Athens 116/35, Greece; *Inst. Mat.
Sci. “Demokritos”, NRC, Ag.Paraskevi Attikis, Athens 153/10, Greece;
**Department of Physics, University of Athens, Panepistimiopolis, Zographos,
Athens 157/ 71, Greece.

Abstract New results concerning the optical absorption, photoconductivity, pho-
toluminescence and photoluminescence-excitation specira  of (CH3NH3)SnBr3
(3-D), (C¢HsCH,CH,NH3),Snl, (2-D), Pi(en), Pt(en), Cl(ClOy), (1-D),
CdXSy(SPh)Z (0-D) and similar compounds (with:Pb, Ge instead of Sn; Pd, Ni instead
of Pt; Sey instead of Sv) are reported. The spectra exhibit strong excitonic bands
and in some cases impurity-bands in the UV-visible-near infrared spectral region.

Keywords: semiconductor, low dimensional, three dimensional, perovskite, quantum well, quantum
wires, quantum dots, clusters

INTRODUCTION

During the last few years, rapid advances in materials technology have lead to the fab-
rication of novel electronic and optoelectronic devices based on low-dimensional(L-D)
systems, i.e. quantum wells (2-D), quantum wires (1-D), and quantum dots (0-D).
Artificial systems are fabricated by using several techniques. such as molecular beam
epitaxy (for 2-D systems) or a combination of epitaxy, etching and lithography (for
1-D and O-D systems) [1]. However, in addition to manmade structures, natural L-D
systems (compound semiconductors) have long been known. Among the several dif-
ferent semiconductors studied in our institutes, the following natural systems were
found by us to be more important for further investigations: 1) Compounds of the for-
mula (CH;NH)MX; (where M=Pb, Sn. Ge: X=Cl, Br, I) have a cubic perovskite
structure and some of them are 3-D semiconductors [2-4]); 2) Compounds of the for-
mulas (CH;NH3)(C H,  \NH3),M, X5 and (C H, . ;NH3),MX, have layered perovs-
kite structures and are 2-D semiconductors (natural quantum wells) (2-5} 3)
Compounds of the formula M(L-L),M(L-L),X,Y, (where M=Pt, Pd, Ni; L-L=diamine;
X=Cl, Br, I; Y=ClIO,, BF, etc) show 1-D semiconductor behaviour (natural quantum
wires) [6,7]; and 4) small particles of CdS and similar compounds as well as clusters of
the formula Z,M, A (SPh), (where Z=Me,N, MeNH etc; M=Cd, Zn etc; A=S, Se)
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show 0-D semiconductor behaviour (natural quantum dots) [8,9].  All these natural
systems are prepared by crystallization from solutions. In this paper new results con-
cerning the optical absorption (OA), photoconductivity (PC), photoluminescence (PL)
and photoluminescence excitation (PLE) spectra of these compounds are reported.

(CH;NH;)SnBry AND SIMILAR COMPOUNDS (3-D SYSTEMS)

The crystalline compound (CH;NH3)SnBry and similar compounds (with Pb or Ge in-
stead of Sn and (1, I instead of Br) have been known for a long time (see refs [1-4]
cited in ref [3] herein). (CH4NH3)SnBry is crystallized in the cubic system, space group
Pm3m with 0=5.9053 A. It has a cubic perovskite structure with a 3-D semiconductor
behaviour [2,5]. It is red in colour. Fig.1 shows the OA spectrum of a thin film of
(CH5NH3)SnBry on quartz plate and the PC spectrum of a single crystal at yoom tem-
perature. One can see that the OA spectrum shows a weak shoulder at ca 560 nm,
which is attributed to excitons. There is no excitonic feature in the PC spectrum at
room temperature. The excitonic peak is more pronounced in PL spectra as it is
shown in Fig.2. Similar results were obtained from other similar compounds. Fig.2
shows also the PL spectra of (CIFI‘;NHﬂz)PbBr3 and (ﬁCH3NH3)Pb0‘45n(mBr3. The OA
and PL bands are broader than the corresponding 2-D systems (see next section). The
weak shoulders, which occur at longer wavelengths. are due to impurities. They be-
come more intense after exposure of the compounds to air and light. The behaviour
of these systems is similar to that of conventional semiconductors, such as CdS and
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Fig.1. OA(a) and PC(b) spectra of (CH;NH3)SnBry thin film (a) and single crystal (b)
at room temperature.

Fig.2. PL spectra of single crystals of (CHyNH3)SnBry (a), (CH3NH3)PbBry (b) and
(CH3NH3)Pb 451 ¢Bry (¢) (excitation 454.5 nm).
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GaAs [10]. Experiments concerning the variation of OA and PL features versus the
temperature are in progress. It is expected that the values of excitonic binding energy
will be smaller than that of the corresponding 2-D systems.

(CeHsCH,CH,NH,),Snl, AND SIMILAR COMPOUNDS (2-D SYSTEMS)

Crystals of (CgH;CH,CH,NH3),PbX, (X=Cl. Br. I) and similar compounds with
other alkylammonium or bis(alkylammonium) cations form natural multiquantum
wells. In these compounds, the perovskite-like 2-D networks of Pbl, correspond to
the quantum wells, while the alkylammonium chains play the role of barriers (with
small dielectric constant and much larger band-gap energy) and sandwich the wells.
During the last years, structural, optical (linear and nonlinear) as well as other physical
properties of this kind of materials have been reported (see {2,11-13] and refs therein).
Recently, similar compounds of Sn have been prepared and characterized analytically
and spectroscopically [2,3]. Some of them were prepared in single crystal form.
Crystals of (C,HgCH,CH,NH;y),5n1; were obtained as rectangular platelets with a
typical size of 5 x 1.5 x 0.5 mm?. They are brown-golden in reficcted light, or red-
brown in transmitted light.  The  Br-analog is yellow in  colour.
(C6H5CH2CH2NH3)ZSnI4 is crystailized in the monoclinic system, space group C2/m,
with a=32.64, b=6.117, ¢=6.164 A. $=93.21 © at room temperature [3,5]. It is isostruc-
tural with (C,HsCH,CH,NH,),Pbl, [12]. Fig. 3a shows the OA spectrum of a thin
film of (C4H;CH,CH,NH;),Snl, on quartz plate. observed at room temperature [3].
The main absorption peak at ca 590 nm is attributed to excitons. Fig. 3b shows the PC
spectrum of a freshly prepared single crystal of (C,HsCH,CH,NH3),Snl, at room
temperature, with the electric field applied along the layer planes, so that the photocur-
rent flows perpendicular to the a-axis. The spectrum shows a maximum ar 600 nm,
namely, near the main absorption band. The blue shift of the absorption band may be
due to the particulate structure of the film. asin the case of Pblj-analogs (films
and suspensions) {2]. Fig.4 shows the PL spectra of a single crystal of
(C¢HsCH,CH,NH ), Snl, at room temperature (300 K) and at low temperature (ca 80
K). The room temperature spectrum shows a main peak at 625 nm, which is attribut-
ed to excitons. This peak is shifted to longer wavelengths as the temperature decreas-
es. Also, the intensity of the peak depends on the temperature. Fig.5 shows the varia-
tion of the PL peak intensity versus inverse temperature. One can see that at low
temperatures the intensity is almost constant. while at temperature values higher than
that of ca 180 K the intensity decreases approximately as exp (E,/kT), with E ;=160-
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190 meV. This means that the binding energy (E,) of (C;HsCH,CH,NH,),Snl, is
lower than that of (CgHsCH,CH,NH;),Pbl, (>230 meV), but close¢ to that of
(CH3NH3(CgHyCH,CH,NH4),Pb, 15 (175 meV) [11]. The PL spectra show also a
weak shoulder at ca 650 nm, which becomes more intense at low temperatures. This is
attributed to impurities (shallow-trapped states [1,14]) resulting from photooxidation
of the compound. Similar results have been obtained for (C,HsCH,CH,NH3),Pbl,.
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Fig.3. OA spectrum of a thin film of (CHsCH,CH,NH;),Snl, on quartz plate (a) and
PC spectrum of a single crystal of (C,HsCH,CH,NH;),Snl, at room temperature.
Fig.4. PL spectra of a single crystal of (C;{HsCH,CH,NH4),Snl, at room tempera-
ture(a) and at ca 80 K (b).
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Fig. 5. PL intensity (on natural logarithmic scale), as a function of inverse tempera-
ture, of (CHsCH,CH,NH3),5nl, (data from two crystals).
Fig.6. PL spectra of (C;HsCH,CH,NH;),Snl, (a) and (C;HsCH,CH,NH;),Pbl, (b)

single crystals at ca 80 K after exposure to air and light for several days.
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Fig.6 shows the PL spectra of (CyHsCH,CH,NH3),5nl, and
(CgHsCH,CH,NH3),Pbl, after exposure to the air and light for several days. The de-
crease of the intensity of the impurity-band versus the temperature is more rapid than
that of Fig.5. This indicates that the corresponding binding energy {14] is larger than
that of the excitonic band. Similar effects have been observed in the PC spectra. The
PC bands due to impurities are well shown, even at room temperature. The results are
more pronounced in the spectra of (C,HCH,CH,NH;),Pbl,. Fig.7 shows the room
temperature PC  spectrum of a  f{reshly prepared single crystal  of
(CeHsCH,CH,yNH,),Pbl, as well as spectra obtained after exposure to air and light.
One can see that the excitonic peak at ca 525 nm {see also [11]) disappears and a new
peak at ca 545 nm due to impurities appears after extensive exposure to air and light.
Also, similar results were obtained after doping (CyHsCH,CH,oNH,),Pbl, with
(C¢HsCH,CH,NH,),Snl,, as it is shown in Fig.8. The new peak, due to impurities oc-
curs at ca 588 nm, while the corresponding OA band occurs at 512 nm. The OA spec-
trum of (CHqCH,CH,NH3),SnBr, and (C,H;CH,CH,NH;),Gel, [4] show excitonic
bands at 444 and 450 nm respectively.
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Fig.7. PC spectra of (C;HsCH,CH,NH;),Pbl, before (a), after exposure 1o air and
light for several days (b) and after extensive exposure (for several weeks) (c).

Fig.8. PC spectrum of (C,HsCH,CH,NH),PbI, doped with
(C¢HsCH,yCH,NH;),Snl .

The PL spectra of this kind of materials do not show low frequency bands due to
self-trapped excitons. The absence of resonance Raman bands at room temperature is
due to the weak exciton-phonon interactions. Studies of PL spectra at low tempera-
tures and of electroluminescence spectra are in progress.
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Pt(en),Pt(en), Cl,(C10,), AND SIMILAR COUMPOUNDS (1-D SYSTEMS)

Pt(en),Pt(en), Ci,(ClQ,), (where en=ethylenediamine) referred to hereafter as
PtIPLIVCL, is crystallized as red or greenish needle-like platelets. The crystals consist
of Pt”(en)2 and Pt]\’(en)2 units. which are stacked alternatively along the b-axis con-
structing a linear chain of Cl---Pt!l---Cl—Pt!V— segments [15]. It behaves as 1-D
semiconductor along the b-axis. Since the observarion of 1-D semiconductor character
of PtIPtIVCI, [6], several research groups have studied linear and nonlinear optical
properties of PPUVCL, and similar complexes of the type M"M!VX, (where M=Pr,
Pd, Ni; X=Cl, Br, I) (see for example [6,7.15-20]). Moreover, properties of mixed-ha-
lide complexes, such as Pt!'PUVCI Br,  [19] and some mixed-metal complexes, such
as MIIPUVX, [6,7.20], have been reported. Recently, we have prepared the mixed-
metal of the type M| Pt'll_X PUVX, (X=CL. Br). by cocrystallization of MU'PI!VX, and
PtlPtVX,. Fig. 9a shows the OA spectrum of a thin deposit of PUIPUYCl, on quartz
plate. There is a main peak at ca 438 nm, which is artributed to (charge transfer) exci-
tons and some weak shoulders at longer wavelengths. The shoulders are more pro-
nounced in the OA spectrum of Fig.0b obtained from the reflectance spectrum of a
single crystal with polarization parallel to the chain axis by Kramers-Kronig transfor-
mation [7]. The weak peaks or shoulders. which are more intense ar low temperatures
are attributed to polarons, bipolarons etc.[10]. The PL spectrum of a single crystal
(Fig.9¢) shows an excitonic band at 520-540 nm. a shoulder at ca 740 nm, which corre-
sponds to the polaronic (or impurities) absorprion band. There is also a strong PL
band at 1100 nm (it is not shown in Fig.9), which is attributed to self-trapped excitons
[16]. The corresponding OA and PL bands of Pd"Pd'VCl, and Ni"'Ni'VC1, occur at
longer wavelengths than those of Pt''PtIVCL,. Fig.10 shows the OA and PL spectra of
PdI&2 Pt(’;8 PtVCl, and Fig.11 those of PA"PUVCL,. The OA and PL bands occur at
386, 365 and 720, 666 nm, for Pt!l P!l PrVCL, and PAYPUVCL,, respectively. Fig.12

02" 08
shows the resonance Raman spectra of single crystals of PUPHIVCY,. pall ptl! PV,

and Pd"PtIVCL,. The corresponding lines oceur at 311, 622, 935..., 3 18,06'235,%25.‘. and
323, 650, 970... cml. Similar results have been obtained from Ni-analogs. From a
small number of M'Pt'VX,, examined until now, it is shown that the bands in the OA,
PL and the lines in resonance Raman spectra occur in between those of the corre-
sponding MUPtIVX, and PU''PtIVX,, complexes. By controlling the concentration of
Pd or Ni in the crystals of ML‘Prl}lPt"’Xz complexes, one can obtain the required OA
bands in the spectral region 365-690 nm and the corresponding PL-bands in the region

666-1600 nm. The results are similar to those obtained from mixed-halide
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Fig.9. OA (a,b) and PL(c) spectra of a thin deposit (a) and of a single crystal (b,c) of

PtIPtIVCL, (red) (excitation 454.5 nm:Raman lines have been eliminated).

Fig.10. OA (a) and PL(b) spectra of a thin film (a) and a single crystal (b) of
I pIV piV .

Pdo.zptoith Cl, (orange).
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Fig.11. Same as Fig.10 but for Pd'PtIVCL, (vellow).
Fig.12. Resonance Raman spectra of Ptl'Pt!VCL, (a).
PPtV Cl(c) (excitation 454.5 nm).

Pdi},Pt} PtVCl, (b) and

compiexes [19]. Studies of the OA, PL and resonance Raman spectra (with several dif-
ferent laser lines) of MUPUIPUIVX, at room and lower temperatures are in progress.
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Cd,S,(SPh), AND SIMILAR COMPOUNDS

Small particles of CdS and similar compounds with diameter smaller than the Bohr ex-
citon diameter are 0-D systems. After the observation of quantum size effects in the
OA, PL and resonance Raman spectra of CdS particles [8,21], several research groups
studied linear and nonlinear optical properties in several semiconductors dispersed in
liquids, polymers, glasses etc (see for example [9.22-24]7). Also. small clusters with a
CdXSy core have been prepared and studied in the last few years. Starting from the
smaller cluster with formula [Cd,(,S4(SPh)m]4' (diameter of 7 A) [25] some clusters
with larger core-size have been prepared by several methods. The preparation of
CdygSiePhyp, (with a core diameter <I0 A) by heat treatment of
(Me,N),Cd,oS,(SPh); at ca 250 °C is reported in [26}. The OA spectrum of the clus-
ter shows an excitonic shoulder at 335 nm, the corresponding PLE spectrum a band at
356 nm and the PL spectrum a broad band at ca 500 nm (deep-trap emission). From
this cluster the preparation of another with formula Cds,S;,(SPh); (DMF), and core
diameter of ca 15 A is reported in [27]. The OA spectrum of this cluster shows an ex-
citonic band at ca 358 nm. Also, a monodisperse cluster of the formula
[CdzOSB(SPh)ZZ]S‘ with diameter of 10 A is reported in [28]. The OA spectrum of this
cluster exhibits a sharp excitonic band at 351 nm. Recently, we have prepared similar
clusters of the type Cd A (SPh), by electrolysis of (Et3NH), CdoA 4(SPh)4 in aceto-
nitrile (A is S or Se). The method is similar to that applied for preparation of cation-
deficient complexes from the corresponding cation-rich complexes [29], or similar to
that applied for preparation of Cd(SPh)g (single crystals. orthorhombic, space group
P2,2,2,) from (Et3NH), Cd,(SPh),, [30]. The clusters Cd A (SPh), were obtained as
yellowish or yellow powders al the anode electrode or in the anodic branch of the elec-
trolytic cell. From the peak positions of their OA spectra and the data of refs[26-28]
concerning the size of clusters we found that the size of the clusters obtained by elec-
trolytic method depends on the conditions of electrolysis, especially on the concentra-
tion. Diluted solutions of (Et;NH), Cd,;S,(SPh),, in acetonitrile give a cluster
CdXSy(SPh)Z with a core diameter (2R) farger than 7 A and smaller than 10 A. Fig.13
shows the OA, PLE and PL spectra of this cluster in tetrahydrofurane. The OA and
PLE spectra are similar to those obtained by the heat-treatment method [26], but the
PL spectrum, except the broad band at ca 470 nm (deep-trap emission), exhibits also
an excitonic band at 360 nm (PLE ar 352, OA at 320 nm). Concentrated solutions
give clusters with 10<2R<15 A Fig.14 shows the OA (355 nm), PLE (390 nm) and
PL(410, 520 nm) bands. After heat-treatment the excironic peak in PL spectra dissa-
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Fig. 13. OA(a), PLE(b, 580nm) and PL (c. 300 nm) spectra of Cd.S (SPh), with
7<2R<10A.
Fig. 14. Same as in Fig.13, but for Cd S (SPh), with 10 <2R ilSA,

pears. The results are similar to those obtained from CdS particles {8,9]. The PL spec-
trum of 100 A CdS particles, for example, shows an excitonic band at ca 470 nm and
another band at ca 700 nm (self-trapped excitons). After heat-treatment the intensity
of the excitonic band decreases and a new band appears at ca 560 nm. A red shift is ob-
served in the spectral bands by increasing the cluster size. Similar results have been ob-
tained from CdXSey(SPh)Z. Studies for clusters of other elements (Zn, Te et¢) and other
ligands (CH4CgH,S ertc) are in progress and the vesults will be published elsewhere.
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