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It is well-known that II-VI compounds occupy a very relevant place in the whole context of semiconductors. In particular, II-VI
semiconductor and isolating or quasi-isolating oxides play an important role. Among these materials, we can mention zinc oxide and
cadmium oxide. These oxides, which are transparent (at least in the visible range), are suitable for a number of optoelectronics
applications. In this respect, let us consider solar cells; indeed, the above oxides serve as antireflection coatings for these cells.
Cadmium oxide, doped or undoped, despite it is hazardous to manipulate, is certainly very interesting for the aforementioned
optoelectronics applications. On the other hand, many aspects of this oxide may be regarded from the experimental and theoretical
standpoints. In relation to the experimental side, several techniques are currently used to produce cadmium oxide. Among these
experimental methods, one can mention metal evaporation, sputtering over a glass substrate, and laser deposition. Perhaps, laser
deposition is more advanced and promising than the other techniques. In addition, the fact that laser is involved in this type of
deposition gives rise to that the main aspects of the physics and chemistry of cadmium oxide are, say, enhanced. Really, the physics
and chemistry of cadmium oxide constitute a significant issue. In order to examine accurately the principal physical mechanisms
underlying the formation of cadmium oxide by laser deposition, an in-depth theoretical nonlinear study upon the above formation is

presented in this article. As a matter of fact, taking into account that the molecules (Cd, , O, , CdO ) in the chemical reaction which

gives CdO are diatomic, the Morse potential is assumed to act upon the inter-nuclear axis of the molecules which, consequently,
behave as quantum anharmonic (nonlinear) oscillators. In fact, associated with the corresponding chemical reaction, inelastic
collision between a cadmium molecule and an oxygen one is considered to give rise to two molecules of cadmium oxide. We analyze
carefully this collision from the quantum-mechanical point of view (we recall that the molecules in question behave as quantum
anharmonic oscillators). From this molecular collision, energy loss is produced due to the laser action. The energy loss is calculated
and, from this result, we deduce a mathematical condition to be obeyed for the size of anharmonicity by using a suitable parameter.
KEYWORDS: cadmium oxide, laser deposition, Morse potential, nonlinear study, energy loss

HEJITHIAHAN TAHAMIYHAN AHAJII3 ®OPMYBAHHS OKCHUIY KAJIMIIO ITIPA JIASEPHOMY OCAI)KEHHI
M.A. GRADO-CAFFARO, M. GRADO-CAFFARO
C/Julio Palacios 11, 9-B, 28029- Madrid (Spain)
Hobpe Bimomo, mo cmomyku II-VI 3aiiMaioTh Idyke BaKIMBE MicIle B KOHTEKCTI HaIliBOPOBITHHKIB. 30KpeMa, BaKIHBY POJb
Bixirparots 11-VI HaniBnpoBiTHUKOBI Ta 130JsILiHHI a00 KBa3iizomroroui okuciu. Cepen IUX MaTepialiB MOJKHA 3TalaTh OKCUJ IUHKY
Ta okcun kKaaMito. Lli okcmam, ki € mpozopumu (MpUHAWMHI B BHAMMOMY Jiama3oHi), MIAXOIATH IUIA PSAAY AOAATKIB Ui
ONTOCTCKTPOHIKK. Y I[bOMY BIJHOIICHHI IaBalTe pPO3IJSIHEMO COHSYHI OaTapei; MiHCHO, OMUCaHI BHUINE OKCHIM CIyXKaTh
AHTUBIAOUBAIOYUM TOKPHUTTAM Uil nuX Oarapeit. Okcu KaaMiro, JIeTOBaHWN a00 HeJIeroBaHHM, HE3BAXKAIOYM Ha HEOE3MCYHICTh
BUKOPUCTaHHS, 0€3yMOBHO, Jy)Ke LIKaBU{ /IS BUILE3TaJaHUX 3aCTOCYBAHb y ONTOEJICKTPOHILi. 3 iHIIOro OGOKy, Oarato acrekTiB
BUKOPUCTaHHS ILBOTO OKCHIY MOKHA pO3IJIIaTH 3 EKCIEepUMEHTAIBHUX Ta TEOPeTHYHHX To4oK 3opy. Illo crocyerbes
eKCHEePUMEHTAIBHOI CTOPOHH, B JAHUH 4Yac BHUKOPUCTOBYETHCS MAEKiIbKAa METOAIB OTpUMaHHS okcuay kaamito. Cepex uux
SKCIIePUMEHTAIbHUX METO/IB MOXKHA 3TaJIlaTH BUIIAPOBYBAHHS METANiB, PO3MUIICHHS O CKIISHIN MiAKIaALi Ta Ja3epHe OCaHKCHHSI.
MoxuBo, J1a3epHe OCaKEHHS € HAMOUIBII MPOCYHYTHM i IEPCIIEKTUBHUM, HiX 1HII Metoau. KpiM Toro, Toit dakr, mo mazep Oepe
y4acTb y JaHOMY BHJi OCaJKEHHS, OPOIKYE, CKaKiMO, TOCHIICHHS OCHOBHHUX acIieKTiB (i3WKM Ta XiMmil okcumy kaamito. [liiicHo,
¢i3uka Ta XiMis OKCHIY KaJMIiI0 CTaHOBIITH 3HauHy NpoOmemy. sl TOYHOTO BHBYEHHS OCHOBHUX (I3MYHMX MEXaHI3MiB, IO
JIeKaTh B OCHOBI YTBOPEHHS OKCHIY KaJMIIO JJa3epHUM OCA/UKEHHSM, B JaHIH CTaTTi HaBeJCHO MOIINOIEHEe TEOPETHYHE HelliHiiHHe
JOCIIDKeHHS Ha BuIesragane dopmysarss. ITo cyrti, 6epyqn 1o yBaru e, mo moxekym (Cd, , O, , CdO ) B ximiuHiit peaxi, 1mo

nmae CdO, € 1BoaTOMHUMH, TiepeadadaeThCs, Mo MoTeHIiaa Mop3e i€ Ha MiKAAEpHY BiCh MOJIEKYI, fKi, SIK HACIIIOK, BEeOyTh cebde
SIK KBaHTOBI aHTapMOHIYHI (HENiHilHI) ocmiasiTopr. DaKTHYHO HETPYXKHI 3ITKHEHHS MOJICKYJH KaJMil0 3 KUCHEM Yy BiAMOBiTHIN
XIMIYHIA peakIii, yTBOPIOIOTH JBI MOJIEKYJIM OKCHIy KaaMilo. MU aHali3yeMo Ii¢ 3iTKHEHHS 3 KBaHTOBO-MEXAHIYHOI TOUKU 30py
(Haragyemo, IO PO3TIISTHYTI MOJEKYJIH BeIyTh ceOe sIK KBAaHTOBI aHTapMOHIYHI OCIIJITOPH). Y IEOMY MOJEKYJISIPHOMY 3iTKHEHHI
BTpaTa €Heprii BUHMKA€E 3aBASKHU Aii jazepa. Po3paxoByloun eHEpreTH4Hi BTPATH 3 BUKOPHCTAHHSM BiANOBIJHOTO MapameTpy MH
BHUBOJIIMO MaTeMaTHYHI YMOBH, SIKi BiIIOBIZal0Th CTYIICHIO HENIHIHHOCTI.

KJIFOUYOBI CJIOBA: okcun kaaMmito, Ja3epHe 0capKeHHs, oTeHuian Mop3e, HelliHiliHe T0CTiIKeHHs, eHepreTUYHI BTpaTH

HEJUHEWHBI TMHAMHWYECKUN AHAJIN3 ®OPMUPOBAHUS OKCUJA KAJIMMUS I[TPU JIABEPHOM
OCAXJIEHUU
*M.A. GRADO-CAFFARO, M. GRADO-CAFFARO
C/Julio Palacios 11, 9-B, 28029- Madrid (Spain)
Xopomio u3BecTHO, 4To coeauHeHus 11-VI 3aHUMalOT 0YeHb BaXKHOE MECTO BO BCEM KOHTEKCTE ITOJYIIPOBOAHUKOB. B wacTHOCTH,
BaXHYIO POJIb UTPAIOT MOJYIPOBOJIHUKOBEIC W HM3OJUPYONINE WIH KBazuu3onupyromue okcuabl 1I-VI. Cpenn 3T MaTepuaios
MOJKHO YIOMSIHYTh OKCHJI IIMHKA U OKCHJ KaJMUsl. DTH OKCHUJBI, KOTOPBIE SBISIOTCS MPO3pavyHbIMU (110 KpaiiHe#l Mepe, B BUAUMOM
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IUana3oHe), MOAXOMAT M psfa TNPUMEHEHUH ONTO3JEKTPOHHKH. B 3TOM OTHOIIEHHMHM DPACCMOTPUM COJHEYHBIE 3JIEMEHTHI;
JlelicTBUTENIFHO, BBIIIEYKa3aHHBIE OKCHABI CIY)KaT B KaueCTBE aHTUOTPAXKAIOIIMX MOKPBITHH U 3THX KIeTOK. OKcua KaaMmus,
JIETUPOBAHHBII WM HENETUPOBAHHBIN, HECMOTPS Ha TO, YTO OH OIACEH Ul MaHHUITyJIUpPOBaHUs, 0€3yCIOBHO, OYeHb UHTEPECEH IS
BBIIICYTOMSHYTBIX MIPUMEHEHHI ONTOANEKTPOHUKU. C IPYyroil CTOPOHBI, MHOTHE ACIEKTHI ATOTO0 OKCHIA MOKHO PacCcMaTpUBaTh C
SKCIIEPUMEHTAIIbHOM M TEOPEeTHMYECKOM TOYeK 3peHusi. B OTHOIIEHUHM SKCIEPUMEHTAIbHON CTOPOHBI B HACTOALIEE BpeMs
HCTIONB3YETCs HECKOJIIBKO METOJIOB IMONYYCHUS OKcuaa kKagmus. Cpeay 3THUX SKCIEPHMEHTATBHBIX METOJOB MOXHO YIIOMSHYTH
HCTIAPCHUE METAIUIOB, PAaclbUICHUEC HA CTCKISIHHBIA CyOCTpaT W Ja3epHOE OCaxJIcHHE. BO3MOXKHO, JIa3epHOE OCAXKICHUE SIBISETCS
0oJyice COBEPIICHHBIM M IEPCHCKTUBHBIM, YeM Ipyrue MeToibl. Kpome Toro, Tor (akTt, 4To Jia3ep yd4acTByeT B 3TOM THIIC
OCaXJICHHS, IPUBOJIUT K TOMY, YTO OCHOBHBIC acICKThl (PU3UKU U XMMHUHU OKCHIA KaJMUS, CKaKeM, YCHIMBAIOTCS. J{eficTBUTENBHO,
¢u3MKa ¥ XMMHS OKCHIA KaJMHUsSI COCTAaBJIAIOT 3HAYUTENbHYIO mpobiemy. Jlis TOYHOrO HM3y4YSHHUs] OCHOBHBIX (H3HYECKHX
MEXaHH3MOB, JISKAIIUX B OCHOBE OOpa3oBaHMS OKCHAA KaaMMs IMYTEM JIa3epHOIO OCAKICHUS, B 3TOH CTaThe IPEICTaBICHO
yIIIyOJIeHHOE TEOpEeTHYECKOEe HEMMHEHHOE NCCIeIOBaHNE BIICYKa3aHHOTO oOpa3oBanus. Ha camom zene, mpuHUMas BO BHUMaHHE,
uro monekyist (Cd,,0,,CdO ) B xumnueckoit peakuuu, kotopast naer CdO, SBISIOTCS JBYXaTOMHBIMH, NPEIIONATACTCS, YTO
moTeHIMal Mopca JCUCTBYeT Ha MEXBIICPHYIO OChb MOJICKYJ, KOTOpBIC, CICIOBAaTENbHO, BEAyT CeOs Kak KBaHTOBBIC
aHTapMOHUYECKHE (HEeIMHEHHbIX) ocumIITopoB. Ha camom nenme, CBA3aHHBIM C COOTBETCTBYIOIIEH XMMHMYECKOM peakLuei,
HEYIIPYroe CTOJIKHOBEHUE MEXIy MOJIEKYJIOWH KaAMUS M KUCIOPOAHBIM, KaK I0JararoT, IPUBOAUT K 0OpPa30BAaHMIO IBYX MOJIEKYI
OKcHIa KaaMmusa. MBI TIIATENBHO aHAIM3UPYEM 3TO CTOJKHOBEHHE C KBAaHTOBOMEXAHWYECKOW TOYKH 3pEHHS (HAIOMHHM, YTO
paccMaTpuBaeMbIe MOJIEKYNBI BeAyT ceOs Kak KBAaHTOBBIE AHTAPMOHHYECKHE OCIILIATOPHI). M3 3TOro MOJEKyISIpHOTO
CTOJIKHOBCHHUSI MMOTEPU JHEPTUU BO3HHKAIOT M3-32 NECHCTBHS Jiadepa. PaccumWThiBas SHEPreTHUYECKHE MOTEPH C HCIIOJIb30BAaHHEM
COOTBETCTBYIOIIETO MMAapaMeTPa, MbI BEIBOJMM MAaTEMaTHUECKHE YCIOBHS, KOTOPBIE COOTBETCTBYIOT CTCIICHH HEITMHEHHOCTH.
KJIFOUYEBBIE CJIOBA: okcuj kaaMus, JiazepHoe ocaxienue, Mop3e NoTeHI1al, HeJIMHEeHHbIC UCCIISA0BaHUS, TIOTEPH SHEPTUU

It is well-known that the Morse-potential model is certainly significant. As a matter of fact, anharmonic
(nonlinear) vibrational behaviour of diatomic molecules can be modelled by the Morse-potential model. Nevertheless,
to be diatomic is not a necessary condition to satisfy the Morse approach. Indeed, by the so-called united-atom model
approximation (see, for example, ref.[1], the vibrational motion of some polyatomic molecules can be also modelled by
the Morse approach. In the present article, diatomic molecules will be treated. In fact, under laser action (which
produces anharmonicity represented here by the Morse model), we will regard a cadmium molecule colliding with an
oxygen one so, by the involved chemical reaction, two molecules of cadmium oxide appear. In this context, we will
consider the formation of CdO by laser deposition. In particular, we refer to pulsed-laser deposition [2,3]. By means of
this experimental technique, crystalline thin films of high quality can be obtained [2,3]. However, these films can be
also obtained by using other methods [4-8]. In the following, we will develop a theoretical-analytical formulation to
study the formation of cadmium oxide by laser deposition. In this study, as we have said before, we will tackle the
corresponding chemical reaction as a collision process between a cadmium molecule and an oxygen one to produce two
molecules of cadmium oxide. These four molecules will be treated as quantum anharmonic oscillators after the Morse
model. The energy lost from the above collision process will be examined as due to the laser action. This examination
will be done by taking into account that the laser frequency is much larger than the fundamental frequency of the
anharmonic Morse oscillator.

The aim of the present study is elucidating theoretically, for the first time, the main physical mechanisms
underlying the formation of cadmium oxide by laser deposition. As we have said before, the chemical reaction relative
to produce CdO will be treated as a molecular inelastic collision process involving quantum anharmonic (nonlinear)
oscillators from the Morse-potential model. Due to that the spacing between adjacent levels of the quantized molecular
energy is non-uniform, then there is energy lost due to the involved laser field as we will see later. This fact will be
studied carefully. On the other hand, we wish to emphasize that the above non-uniformity arises from the anharmonicity
of the lasing molecules in question.

THEORETICAL FORMULATION
First, let us assume a diatomic molecule under a one-dimensional Morse potential so that the potential energy is:

2
V(x)= D{l —exp[- a(x - x, )] (M)
where X is cartesian coordinate in the direction of the inter-nuclear axis of the molecule, D denotes potential-energy

depth, X, is the equilibrium position of the molecule, and & stands for a parameter related to the width of the

potential.
The energy of the molecule is quantized. This energy consists of the energy eigenvalues of the corresponding non-
relativistic, time-independent, Schrédinger equation with formula (1) as follows:

E, =ho n+l l—h—w n+l , )
2 4D 2

where @ designates the fundamental angular frequency of the associated anharmonic oscillator (the above molecule)
and N =0,1,2,... is the corresponding vibrational quantum number.
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On the other side, the formation of cadmium oxide occurs as:
Cd,+0, - 2CdO. 3)

The molecules of reaction (3) are diatomic. We wish to consider the vibrational behaviour of these (lasing)
molecules under the potential energy of eq.(1), which represents the laser action. The molecules in question behave as
quantum anharmonic oscillators, that is, quantum nonlinear oscillators. By virtue of reaction (3), the Cd, and O,

molecules collide inelastically. Before the collision, we suppose that the two molecules are in state |n> After they
collide, two CdO molecules appear so that one of them goes to state |n + 1> and the other molecule goes to state
|n — 1> (notice that, of course, 7 = 1). Consequently, under all the above conditions, we have:

2En _En+1 - En—l = W’ (4)

where W is lost kinetic energy arising from the laser action. Notice that W = 0 in the absence of laser (harmonic
case; elastic collision).
By combining formulas (2) and (4), it follows:

W’
2D
The laser energy is the corresponding photon energy #€2, which equals . On the other hand, one has that

W =

®)

€2 >> @. Then, under these conditions and taking into account eq.(5), one gets:
haw>>2D. 6)
By defining the well-known anharmonic coefficient, namely, € = ha)/ (4D), from relation (6) we have that
£>> 1/ 2 which involves very strong laser fields.

RESULTS AND DISCUSSION

For the first time, we have found formulae (4), (5) and (6) as main results of our formulation, which is really
unprecedented and consistent with experimental observations [2,3]. The fact that pulsed-laser deposition of cadmium
oxide implies that the laser action originates anharmonicity is, certainly, a relevant issue. In effect, in the absence of a
given laser field, harmonic (that is, linear) behaviour takes place. By contrast, in the presence of a laser field,
anharmonic (that is, nonlinear) behaviour occurs. This is our case, in which the laser in question is strong enough (see
expression (6)). On the other hand, we have shown clearly the relationship between the laser field and the Morse-
potential model. In addition, we may claim that our methodology may be extrapolated to a wide enough variety of
situations related to molecular collisions, which are primarily included in the context of quantum interactions (let us
consider eq.(4)).

CONCLUSION
Significant transparent (at least in the visible range) II-VI semiconductors as, for instance, cadmium oxide and
zinc oxide, exhibit attractive electronic and optical properties that should be investigated theoretically by means of
mathematically powerful methods instead of computer simulations. In particular, cadmium oxide (undoped and heavily
doped) presents very interesting features which can be modelled by employing accurate theoretical-analytical
techniques. The present article is an example of this. Other examples related indirectly to our formulation at least from a
strict mathematical-physics standpoint should be refs. [9-11].
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