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Spectroscopic tools for materials characterization focusing on
EPR and Raman scattering

C.SCHWAB
Strasbourg (France)

By characterization of a material, I understand an experimental assessment method
(or tool) that is relevant to the property of this material under investigation. Provided the
considered tool is supported by an accepted understanding (i.e. theoretical background), any
physical or chemical method may serve the purpose of characterizing a material. To this end,
the relevance reservation in the above definition aims only at limiting the all too numerous
methods that could otherwise be used. It is indeed desirable that a suitable causality is
demonstrated between the studied property and the material description.

Actually, therealissue is that of the adequate identification and, then the selection of
some qualified tool(s) among a larger set of possible methods, whose number steadily
increases with scientific instrumentation progress. These technical arguments aside, mere
availability, time or cost are often the determining factors in the actual choice of a tool.

Selecting a characterization tool always remains a matter of individual case, the more
so as the investigated property may simultaneously depend on several parameters. This fact,
along with the possibility of different experimental approaches, is often at the origin of much
disputed controversies on hot subjects.

The recourse to the adjective spectroscopic for qualifying the tools dealt with in this
talk means that we restrict ourselves to methods involving some kind of electromagnetic
radiation. In the above context, this has every advantage since spectroscopic methods are
inherently non-destructive, thus reserving the possibility of checking a hypothesis with
another tool. Spectroscopic tools may, however, require specific sample shape and size
depending on the selcted tool. Sometimes these constraints will act as the limiting factors
impeding a comparison of approaches.

According to the above definition, spectroscopic characterization tools cover a fairly
broad range of methods. It is much too vast even to be only shortly described within our
allocated time. So what are the ideas behind to specifically focus on the two tools mentioned
in the title of this lecture, namely Electron Paramagnetic Resonance (EPR) and Raman
Scattering (RS)?

As a matter of fact, there are two main views when one has to deal with the problem
of characterization of a solid, namely the local description and the collective one. In a single
crystal, this may be illustrated by the notion of a point defect identification as opposed to
that of the lattice perfection assessment. I will try to demonstrate that EPR and RS are indeed
good matches in this regard.

EPR is a tool well suited for the identification of point defects, whether these are of
extrinsic or intrinsic nature. It enables the determination of both their local electronic
configuration and their amount present from which the concentration may derived. In



essence, EPR rests on the measure of the interaction of an external magnetic field on a local
magnetic moment using microwave absorption, Z.e. on measuring the strength of magnetic
dipole transitions between energy levels split by the Zeeman effect. The method dates back
half a century and was initially developed for the study of the electronic configuration of
transition metal ions hosted in ionic crystals.

The underlying theoretical background of EPR is based on the atomic level theory as
influenced by the crystal field theory. For the present purpose, this background may be
reduced to the picture of an unpaired electron, the magnetic probe, sensing both a central
hyperfine interaction and ligand hyperfine interactions.

The first interaction results from the predominant interaction of the electron with the
defect nucleus. The latter may correspond to a dopant added on purpose or a spurious
impurity (or any other point defect). Owing to the unavoidable stoichiometry deviations
present in compounds, particularly in covalent ones, intrinsic defects are often the
predominant species in this kind of materials. Typical intrinsic (or native) defects are
represented by vacancies, interstitials or antisites, the latter being specific to materials with
more than two atomic species. The second interaction corresponds to the effect of the
surrounding nuclei of the lattice. These are assumed to be located at their normal lattice sites,
and thus mirror the local crystal field symmetry.

Both effects may be summed up by an effective spin Hamiltonian, conveniently
pictured by an energy diagram as shown on fig.1. It may be regarded as a representation of
the different possible ways to lift the degeneracy of the initial electronic level of the free ion
under specific perturbation conditions. The selection rules for the magnetic transitions
between sub-levels are given by those on the quantum numbers, respectively defining the
electronic and nuclear spin states:

AMS=I 1 andAISZO

In a conventional EPR spectrometer, the microwave transitions between Zeeman-
effect-split levels are recorded ata fixed microwave frequency and thus the « resonance » (or
absorption) lines appear at different values of the external applied magnetic field (fig.2). Of
course, these values will precisely depend on the actual value of the microwave frequency
utilized. Common spectrometers work around 10 Ghz (X-band spectrometers).

As the energy diagram depicted on fig.1 depends on the relative orientation of the
crystal and external magnetic fields, it is necessary to plot the so-called rotation pattern
(fig.3). This is the data from which the symmetry of the electronic configuration is derived.
Analyzing powder spectra, Ze. orientation-averaged spectra, with powerful com putational
approaches is sometimes an alternative to the lengthy data acquisition process at different
orientations.

At this stage, some comments can already be made on using EPR as a
characterization tool. Even though EPR allows to precisely determine the electronic
configuration through the spin states analysis, the initial information content of the periodic
table of elements has been lost. Indeed its different chemical elements, including their
isotopes, have now been replaced by a much poorer (or limited) table of quantum numbers.
To illustrate this statement, assume a nuclear spin state I =0 state. It may as well correspond



to a vacancy ( no nucleus) or any other isotope with zero nuclear spin. Fortunately, the
context generally helps things to be sorted out though it may require some additional
chemical analysis. In this respect the use of enriched isotopes, stable or radioactive, can
sometimes be an elegant means to circumvent the previous limitations. An illustration is
given by fig.4, where the substitution of natural nickel with a predominant I=0 isotope by an
isotope-enriched nickel (°'Ni) reveals the fine structure expected for an I=3/2 nucleus. Thus
the origin of the initial single EPR line may be ascribed in a reliable manner, both in terms of
a chemical identification and ionization state, but it comes at the cost of an additional sample
preparation. While such a check might be satisfying in an academic research context, it may
be considered rather a hindrance elsewhere, setting a limit for a wider use of EPR for a
characterization.

As seen before, EPR evidence for the presence a defect requires it to be in a
paramagnetic state. This has some implicit consequences. For instance, the absence of an
EPR signal doesn’t necessarily mean that the material is actually defect-free since an
existing defect may not be in the right magnetic state. Also, a quantitative determination of
the total numbers of defects requires all of them being in the paramagnetic state. Translated
into semiconductor physics language, this means that the involved defect, independent of its
electrical nature (donor or acceptor), must be in the proper occupancy (or ionization) state.
The latter is known to only depend on the Fermi level position so that this issue boils down
to on how to control the position of the Fermi level in a given sample, preferably by a
physical method. This may be best achieved by photo-excitation. However, use of an in-situ
illumination has even more possibilities than just revealing hidden defects. These features
are particularly interesting because they are able to bridging the usual gap between different
characterization approaches because they bear on the same physical parameters.

There are several ways to perform photo-EPR experiments. We keep this coinage for
EPR experiments where the recorded signal stems from the microwave channel of the
experimental set-up. With experiments combining both microwave and light irradiation, it is
indeed possible to detect the induced effects on either the microwave or the optical channel.

For a first example, assume a dual-beam photo-excitation as depicted on fig.5. The
first « red » illumination at a fixed energy E; is selected to simultaneously populate and
depopulate the donor D" (or acceptor A%") state of some defect. Irrespective of which state
of occupancy is the paramagnetic one, EPR probes only those defects that remain in the
paramagnetic state under this steady illumination. The second « blue» illumination at an
energy E, is tuned over a suitable energy range chosen so as to modify the former
equilibrium situation, either by a quenching or an enhancement of the population of
paramagnetic centres. Hence with both light beams on, a novel equilibrium is reached. It can
be shown that it depends only on a limited number of parameters. These are related to
different optical transitions rates and recombination processes as sketched on fig.5.

It is then possible to define a quenching rate Q as the percentage of change of the
initial population Ny of paramagnetic defects under the E; illumination induced by the
second illumination E,. Under favourable conditions, Q has a rather simple dependence on
the optical capture cross-section o” of the defect and the intensity I, of the tuneable beam E,:
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Fig.6 sketches how to use the above relationship for deriving the energy dependence
of ¢®. The upper diagram shows several plots of Q vs. I, (E,) as drawn for different E, values
in log-log scales. The intersection of this set of curves at a constant Q yields then numerical
values inversely proportional to the cross-section values for different photon energies. These
are then drawn as a function of the corresponding photon energy as shown on the lower
curve of fig.6. From this energy dependence of the optical capture cross-section, the position
of the defect with respect to the top of the valence band is ultimately derived.

But there is another way to get the energy depth of a defect. Itis based on the low-
temperature trapping of the photo-generated carriers , which may too change the occupancy
state of defects. Low temperature (4 K) EPR spectra are recorded one after an another in the
dark, but after several cumulative light exposures. The persistent intensity change of any
signal present is then plotted as a function of the total illumination duration (fig.7a). Since
such an experiment must usually be carried out over several time decades, it is convenient to
combine exposure times and light intensities and to rescale them in equivalent duration units.
The signal strength changes are a consequence of the initial Fermi level splitting into two
pseudo-(or quasi-) Fermi levels. There is one for each kind of defect type, i.e. donor or
acceptor. These quasi-Fermi levels in turn control the occupancy of each defect type. This
out-of-equilibrium situation results from the fact that, if the trapping level is deep enough
with regard to the actual temperature, the trapped carriers cannot be thermally re-emitted.
Thus they hinder any return to thermal equilibrium that is implied in the definition of a
single Fermi level.

To get the energy depth information, it is best to start from the above « final-state »
situation and to progressively warm up the sample in temperature steps from 4 K to room
temperature. During the experiment, care must be taken to avoid any temperature overshoot
at intermediate temperatures since this would otherwise blur the steepness of the carrier
release. Furthermore, the heating time at each step must be long enough to reach the
corresponding equilibrium state. This remark is important as the time constant of the process
may vary with each temperature step. Finally to keep a constant sensitivity during the whole
of the measurements, the sample is cooled down to 4 K between each heating step before
recording its EPR spectrum. Again the persistent intensity change of each individual EPR
signal is then plotted as a function of the intermediate temperature step values (fig.7b). The
abrupt variations of the different curves correspond to sudden thermal releases of trapped
carriers. The temperature step at which these occur yields a value for the thermal activation
energy of the involved defect.

Raman scattering is probably the best optical tool to use when there is need for a
characterization beyond the local environment of a defect and get specific information on the
whole of a crystal or a thin film. Even more than EPR, it has benefited from recent
instrument progress, whether it is optical (lasers, fibers, filters, etc..) or electronic (PMs,
CCDs, etc..). In contrast to EPR| it has easily moved from the academic laboratory to the
industrial plant for on-line process controls. It is also spreading into a number of new areas
including art and biology to name a few recent ones.



In a solid, light scattering occurs with the participation of quasi-particles such as the
phonons, plasmons, etc... The phonons stem from the mechanical vibrations of the atoms.
Their properties are therefore directly related to the crystal symmetry and the extension of its
three-dimensional periodicity. In compound materials, one distinguishes acoustical and
optical phonon modes, longitudinal and transverse, according to the relative displacement of
the different kinds of atoms under the electromagnetic field. In similarity with the single
electron band structure representing its energy vs. its momentum in the reciprocal lattice of
the crystal, the phonon states may be represented in an energy vs. momentum curve, the
phonon dispersion curve. For both representations, statesin the « fordidden gap » are hinting
at the presence of localized defects, but these will not be adressed here.

In an actual experiment, the optical scattering response is spread over a broad energy
range with respect to the monochromatic excitation (fig.8). Depending on the energy shift of
the scattered light, one may distinguish:

(1) the elastic scattering spectrum in vicinity of the excitation energy, corresponding
to the Raleigh scaticring.

(2) the inelastic scattering spectrum farther off the excitation energy. It consists of the
Brillouin scattering region due to the acoustical phonons and the Raman scattering region
due to the optical phonons at the higher energy shift.

The lines of the inelastic range are symmetrical with respect to the excitation; the
Stokes lines are characterized by an energy loss whereas the anti-Stokes lines have higher
energies with respect to the excitation energy. This results from the phonon emission or
absorption that are involved in these scattering mechanisms. Since phonons may be emitted
at any temperature, the Stokes lines have greater intensity.

The first order RS is a second order process during which a single phonon is either
created or annihilated. There is energy (w) and momentum (k) conservation only between
the initial and final states:

W - Wg = £ Wy
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with the momentum vector defined as:

q2=k12+k52-2kl*ks*cosw

Since the modulus of k =2z@n/A. remains always small compared to the extension of the first
Brillouin zone, only excitations close to the zone centre may be observed.

The actual scattering geometry determines the momentum conservation scheme. A
few usual examples are depicted on fig.8. The ¢ = 90 and ¢ = 180 degrees configurations
are typical for transparent and opaque materials, respectively.

Aside from the above configuration, the scattered intensity is also determined by the
scattering cross-section o. This is the factor that is involving the crystal properties. One
parameter is its dependence on the incident beam wavelength (or corresponding energy). It
may greatly vary with the incident energy for a given material. In particular, it is enhanced at
energy values close to resonances in the electronic band structure (fig.9). As a result, the
requirements for depth profiling and signal enhancement may sometimes be contradictory. A
second parameter is related to the crystal axis orientation with respect to the incoming and

scattered light directions. This leads to selection rules that are derived from group theory
considerations.



In altogether, the RS process may be described as a peculiar optical response of a
system of oscillators, which may be described by a general Lorentz function. Ultimately, the
RS characterization of a crystal, whether bulk or thin film, rests on an analysis of lines in
terms of their position, shape and intensity.

This may be illustrated by the study of the damage indiuced by ion implantation in
GaAs seminsulating substrates (fig.10). The upper figure shows a typical Raman spectrum of
GaAs consisting of the TO and LO modes. The lower figure shows the « red » shift of the
predominant LO mode vs. its linewidth for different ion doses. These data are accounted for
by acorrelation model assuming that the phonon has a limited extension L in real space. The
variable L is infinite for the « perfect » crystal where the damping of the Lonrentzian is
minimum. The damage reduces the value of L till a lower limit corresponding to the
disappearing of the crystal order (amorphous state).

Hydrostatic pressures result in a stiffening of the crystal lattice that turns outin a high
energy shift of the TO and LO modes or even into a crystal structure change. Thisis an
example of why RS is of paramount interest in high pressure studies. But uniaxial or
bidirectional strain effects are important too, in particular in the area of epitaxial growth. The
lowering of the crystal symmetry under strain lifts the possible degeneracy of the phonon
modes and thus alters the original symmetrical Lorentzian lineshape of the unperturbed
material. The individual components in the distorted Raman line may be retrieved by a
suitable numerical analysis of the data, thus enabling to derive the magnitude of the
perturbation.

However there exists an additional possibility for the LO mode to be revealed in a RS
spectrum. In a polar semiconductor including a plasma of free carriers, there is possibility for
the longitudinal oscillations of the plasma to couple with the L O optical phonon mode when
their respective frequencies become close enough. This induces a repulsive interaction
between the density of charges of either mechanism, resulting in the occurrence of two LO-
plasmon modes, L, and L. This situation is depicted on fig.11. At low carrier concentration,
the lower branch L. is of plasmon type, becoming progressively of TO phonon type. The L.
branch is first of LO phonon type transforming into plasmon type at higher concentrations.
The modelling depends on carrier properties, concentration and mobility. Fig.12 shows that
optically and electrically derived parameters may be in quite good agreement.

A major difficulty in a characterization based on a lineshape analysis is often to
confirm the true effect being involved. For the involvement of a plasmon effect instead of
any other effect liable to cause a line broadening, one may chooseto vary the temperature.
Fig. 12 shows how the « anomalous » broadening of the LO mode in comparison of the TO
mode in the upper curve (a) may be clearly ascribed to the underlying LO-plasmon
component. L owering the temperature mainly affects the plasmon properties; this shifts the
plasmon-related line to higher energy with respect to the « pure » LO phonon line (see curve
(b)). This is a nice confirmation that the initial « number crunching » was indeed justified!
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Multi-scale simulation on production process of functional crystals
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Koichi KAKIMOTO
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Abstract This paper aims to study mechanism of heat and mass transfer in
silicon melt under electromagnetic Czochralski growth (EMCZ). The EMCZ
method is a one of the candidate method to reduce density of voids in which a lot
of vacancies are agglomerated. The experimental works revealed that heat and
mass of oxygen impurity was enhanced in the EMCZ method, while the
mechanism of such enhancement is not clarified. The object of the present work
is to clarify the enhancement mechanism of heat and mass transfer.
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Fig.1 Schematic diagrams of EMCZ. (a) asymmetric electrode, (b) symmetric electrodes, (c)
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Theoretical Study of Vacancy Compounds by using the first principles pseudopotential method

BIEHK R&DEVI— T4 I RATRNARPJITEVF—
ANEAN

Photonics Device Project Dept, Corporate R&D Center, Yokogawa Electric Corporation

Masato Ishikawa

Abstract  Due to misvalency between III and VI atoms,II[,VI; and II,III,VL; compounds often
have vacancies at cation site in the zincblnde structure and show a variety of crystal polymorphism
depending on the positions of vacancies and the cation —anion atom combination. We clarified such
origins of crystal polymorphism theoretically, by using the first principles pseudopotential method.
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ZHALEHEER L FET D, £ 111V BRIZ IV, B LSk, 11 -111—VI
ik IL IV, R E AL EE S LCHRAT S, (1]
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3. III,VI, ZHALE M- EK

3-1. B ZE 748

B AR Z T T GaSes DFEMEIEEIIV V77 LV RIEBEEDOHIF Ao A4 FD 1/3 H3ZE
LEEDHD, ZOZEHLITRAUNIC 1 RTICEET 22, TORBOMAHITHEREDIERFE
k- TRA2D, MBE ETIRZEILNERIZEE 3 D Orthorhombic &, 7V v <= T
XA Y ZICERB TS Monoclinic B & 725, EBRAOMEIIHICEEEXRETRL, &
!Z Orthorhombic & TIINHFZE HFMH% =T,

Orthorhombic B TEH ONANKZEEFHDA V=X L EZMBTH7-0D, N F#EE., %
RUAUZSOWTHIEHBEIC X 2T E2ITo 7z, NV FEBENOEFREIFEERTHY .,
BFHEORERD NNV FIZIEB T2 L1105 RAORIITEBE O 1 RT/N v RiEEE R
T, TROBHREELZBDL LZEZAY D2EANL Se DEF LTV TRy RIZERIBEFL
[II0] F A ~ERICEB T 5, HBERMUIANY FEEOWELZIT, ERFER LR L[110]
FRTHRERFEZ RT ZE2HER L, BE. MEFFD NV NidspREKTH 503,
ZHOFEEICEIVEIAV D 28N Se IHBF 7Y IRy ROZRAVX—|BLAN L
AL THEFHEN K LHICEND, Z 2T Orthorhombic B F L 7 U 7Ry FOEEH
ERTHDHTED, 1 IRTONY REEEZRIRE THINZEFTHEELTT,

F TR ZA~DSEA E LT Orthorhombic BT P R—7RAfERICANIT. EFHBROA]
BEMERHFETESL, T TV EEREFILEDp R—7DOFEHICOVWTRE . 1To 2, K
— 7T LR FOYA MEFEHEZEL D, YA M F—7LEBETROZRLF—1t
BE2{To7ceZ A, Se ¥4 FOR—TREETHY. p R—TRARETH D Z LHBRHHh
o7, ¥72 V IKEF% As, P, Sb O 3FBETRDOZRAX—&EITo72FF. P (U V)
MEETHDI B Gholz, KELHETRY VEFALTEETAINRLZERY ANLT
W2, ERICBITTAEAICIIHE As EORFLURTIUNENRDH D, NV N
BT IRETHFMIGBEERL, BEFHEBR~OEARTRETHEZ LmnEk, [2]

®»
8.5 é-
] Han 0
8 75k Conpduction Band |
A 7T Valence Band
(@

[110] QO Nacancy
(C) . .Ga

O :Vacancy

@ Se

{0o1]

[110]

Fig.1 Crystal Structure and Electric structure of Orthorhombic Ga,Se;:  (a) Schematic(001)-plane views of
crystal structure and vacancy ordering, (b)Calculated band structure, (c)Charge density plots of the highest valence band
state at I". (d) Calculated band structure of P-doped Ga,Ses.
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3-2. BIRHEE

In;Se; DFEEREEITZ In ¥4 FD 1/3 DEHOBREEZ L., RN 2 KTICEET S
72 T227E) 2FKkT 5, EXHMEEIIFERTHY . AEEFHELTT, BFEEIR
U T VR, UMY A NEERETEN, T 4 BLETHE. ZHEAY TIX
1EALD Se L3 2DF VTV VTR KBRFETDHZZ LIZb, LAV T IR
Y RBREFTIEMEFHEOIRAF—NERTHD, EFRENFEEREZRTERM
BFEDH, FZTELEMDO I nk 6 BBALICL., ZHEICETAZZ T VTR FE 1D
2725 ABAL+6 BALET VERE L, BFEEITX [ HE-Se=In=Se-In—Se) (=6 &
L. -48AL) L7225,

HEREENONV MEEIYERE T, TEMEFHERLER NV RTOT ROERE
ETiE, EMAELEICEEICANTWAZ V7Y VRY RIZEFT B ERnmhd, K
ZFMUNIEAEOEE FMICAFZREFHELZHER L, ERERLE T2, UbEns 4 BEAL
+6 BN ET VR BREBEOERBETHDL I LT hoTz, [3]

(@ (b

/Y

C

Energy[eV]

O
Fig2. Crystal Structure and Electric structure of In,Ses: (a) Schematic views of Layer structure of tetra-octahedral
configuration. The basic structure is the zincblande, (b) Calculated band structure, (¢) Charge density plots of the highest
valence band stateat I,

3-3. BRBEM A & BRSO tHER
AT 2RFRED In L Se TIZ4ENLE
EERMDORFEENEETZ2BEREBETH
V. Ga & Se TIILT4EN DORFZZILFE
ThHdEIIT., BAEDFERORAE
EIERETRICEI-TERD, £ZTHF
BRETED I ke VI ROBEREHEEL
FERBEEDREMED LB Z 1T - 72,
BREEEZIZ. ToER&EL R BITO )
NERBE (4R »oA4vES (6 0 | L
BAfZ) ~EK 2B L2 B%R TS, ERE e
EOREEMIX MI—VI BENEhDORFE

CTHREZEIELEEREE TROT R L X — Fig3.Calculated total energy of III-VI layered phase

(Negative)relative to that of ordered-vacancy phase

- 17~ 7+ % EERE o . 7
EROTHEEITo o TD R, BERE (Positive),as a function of the electro negativity

difference between cation and anion atoms.

Total Energy difference [eV]
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MEENGL 2D EREEIRFERILV LEBREENRETHD Z L BT,
TRLLERBEIBEXEHEEZTHOEMNFETHY ., GayTe; X GaSes DL HILEXRR
MEEIMEWND DiIF M (4800 NARWVEREBEEEZTRL. 1 n,Se; Tk 6 EALARE RIS
D 25%., 5T 1 n,S; TIX6EALA 75% THAERMA R AMEEEZTT, [3]

3-4. AV 2at vy 71

Ga; Tes X GaSes D L D IZHBAMNHNWEFRETHEEIND Z OFEIL, EALOE 4
EALOEE (L7 EIR) AEBORKE ST ED. ZHEIZE > T 500 UL EOREFIZHE
INB, ZOBETRVOICEILE THEIEIND GayTe; £ T F LT EIEZILD GaSes
D2BENDHYD . BEIMEIIHICEERERY, ThOEFETFT Ry N2 BEHERT 218
ETHD, INOORBRBEOHEMNMBIIKATH IO, £B68-FTHLEAD LI OE
WL 7RO R FRE-* EREICIERTAZ LIIRETH D, L LIEHE TIZ VY4
WMTII I, VI  OFEZRTRERHDZ END, NVIEBROERBEL LTT =4
VYA M III & (Ga) ZBALZI I I,V BEEZREEL, FORYHITOVTHRS
{ToTe,

Ny MBEDRERND GaTe & GaSe 1Z& bICPEMEERT, IHIKI T I, VI HE
CERRMEOCHEREELI LD, D 1II-VI EOBEFETONY FXy v 7E L ERE
WEETHE YT, ZORE. GaTe & GuSe DHEBAY F¥ v v FEREILARY.,
BREMEZLOHEBAERTZILENTEZ, ZORBRIIA Y Rat v 7HEEEKOEFIRE
COWTEHHAT DI LIXTERWS, N7 REBEMDFENY 725, [4]

(@) ®)

Fig4. (a) Schematic views of a mesoscopic three-dimensional periodic
structure for Ga;Te; and Ga,Ses. The unit cell is made of two tetrahedrons
and one octahedrons, each of which includes more than 500 atoms.

(b) calculated band gap energies of various ITI, VI; phases as a function

of the electron negativity Jifference between cation and anion atoms.

4. ILIL VL, RZ AL &84

ILILVL R ZEHALE - EED CdGasSes 1LIERLFEDEV A S Defectstannite & Defect
chalcopyrite @ 2 FBEOKERHEELX &5, I s 2BRADOKEREE TV FEEDHEIT
1TV, FEREE L Ny FEEOBBRE R,

N RHEIE & LL#E 3% & Defect chalcopyrite #1& D /N2 K ¥ » 7fEAS Defect stannite 1#
ELVBEY, TRTOBREEZED &, BEFKR THRO/NNY NTIIAHEETELAY
DSeDE LTV TRy RICERMBEFRL TWS, IILVLETIEEFHFOKREHTH
ST A IHIL VL THEERIIBITT 2, MEFHFHERLEWmD/NN FE28 5 LT, Ga & Se
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AVICEMABET L. CAAVIIIEFMIEF L2V, FZICEERBETCHIF AV
D Ga DECEIZ DOV TLLE 21T 9 & Defect chalcopyrite Tid Ga 1% 1 RITIZASE L. Defect
stannite TIE 2 IRTTICECE T D, TN O DR IHILVLED XY NEEITI I FF VR
FD6aDEEBICL->THRED, TNIIGCaDEEBDOFR Y hT—7 M2 RTHh D 1 RIT~H
HENRREZIZON ALY FEy v FREN B IERTHEOEKEZ T, [5]

(b-1)

7=
RIS
b=

S FmE

—~
o]
=z
~l o~
o
B
)
L)

Ciooinn Celed Oelied] o (0-2)
0@ 08 i @) (o}{n}{e}[u}{e} MRS sk ReL = ae
1001010 : 08U @ 8 it
fsi et ! LHjiei8le. o 7
I0i0i0i0io; 1O tel] Jtel Jle} : 1t
6% 4
(c2-1) (c2-2) (c2-3) 5 '
@008 OO0O00O (OO0 °k ]
OUO0O @@ @ erLel e s 3
@0C®0® DOOOV WOQOD 3 3
O00C0O0O UeUeéDn Ueleérn 3f 1L
@0@®0@® DOOO0 OO0 T0 2552?
I_,,_' I , L ] Vacancy 3
a a a a OGa 1 - L L Sonetia - L
@ cq A 9 s A

Fig5. (a) Schematic picture of CdGa,Se, : (a-1)defect stannite,(a-2)defect chalcopyrite, (b) Calculated band
structure: (b-1)defect stannite, (b-2)defect chalcopyrite, (¢) Schematic picture of cation atom arragement viewed from
three different directions,a and a’ and ¢ : (c1)defect stannite, (c2)defect chalcopyrite.

5. % &
EICADLEEOSEREBRT 5 20ICH | FBAEC Lo TETFREE P LICH
B afiol, TOMR, HREEEIS 4% (BRRMES) CEoT, 7 =4  ORAL
5 4 BRAL GEHRR) 15 6 B (42 RA) ~ELT 5. TORDELORENE
bl BBWERSBETT. ¥, ETREIZAR OF L7/ YL 7 RU K, 2F 7
CRFOREBIC L - TEATHEY ERT 5. ZNIL HASHILRED T/ HETHY K -
F )T ANDERBETE B,
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Zinc-blende B 7 u A aFF A FOBEEREDHEBITS

Theoretical Prediction for the Ferromagnetism of Zinc—-blende—type
Chromium Chalcogenides

MmILERK BEFES ICRAmEER
LA FT

Department of Applied Physics,Faculty of Science
Okayama University of Science
Kazuko Motizuki

Abstract Possibility of ferromagnetism of the hypothetical Zinc-blende
—type CrX (X=Te, Se, S) is studied by the first principle band calculation
using the LAPW method for the non-magnetic (NM), ferromagnetic (FM) and
antiferromagnetic (AF) states. The ferromagnetic bands of CrTe and CrSe
show the half-metallic behavior and CrS the metallic behavior. The FM state
is most stable in CrTe , CrSe and Zn, Cr,Te, but in CrS the AF state is most
stable.

1. iIU®HIC

11—V EMEREMEYEE (In, Mn) As, (Ga,Mn) As I carrier ®dF—
NEEITETH M RECHOZBRMBEERIZ L > TRBEEZ =T Z L BNFEGBY,
RKF?D, IV RHEEATLUR, A=y 7 ROBEANPLELDALXD
EEEZHLONTWS, BEBIRAIIZIX FLAPYW 150, KKR-CPA JEIZ X BN FEHED2
En Y 2R LF OB LEBBEERENLZETH LN LHLENT
Wb, Ny REFEORE R CIIsmmitt N NiX half-metallic TIRaBEMERE A D%
BII_ERBHEAEERICEZDLEEZOLNTVS, As A MIIE Mn OE—
AVREHFMEOE—A IBFEINTWVWT As Dp & Mn O d DFEEERIT
KM Th D, &6, BFFE (Ga, Cr) As OV FHEA I Z 2V 588
MENREETHHZ 2T LEY, FKIIMBIETINSDHEEEZ S WEbD
AT LV AHBREARBL T, BRTEBELFTTILER/RELTWSE Y, I1-VI
PERERME T EEIZ OV TIERERES Y (2L D MCD OBEIE, Fx D/ —ATk
BANURFHERSY V| BREMEO RSSO TV,
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2. HEOFHE
NRURHEITEALN T I VATV R TIART %V LAPW EZAWT
B, RBHEBEEICS L CRRABELUEL AW, Al s o A
=— N TSPACE BT 9 2 Th 5, LAPW OEEEEIZ. ~v 74 T4 VEA
TIIl =7 TCOREAMEHROECRE L, RATITEEETH ST,

3. HERERBICGEE

CrX (X=Te, Se,S) BEL W Zn,_,Cr Te(x =0.5, 0.25) (-2 T NM, FM, AF
RED N REHEZ2IT o7, CrX(X=Te, Se, S) IZ DWW TILFRMBEMEIREED N K
HELITo, TXAXF—HEHR, REEEL KD, I L& RLF—%
BFEHDOEEE LTHET I Z LITE VRV —DB/NMEE 5 X DT E
BOFEE a, 2 37272, NM, M, AF REDOET R LFX —DHEN O EHED
B HEERBEREE TN,
1) Zn-blende & CrTe, CrSe, CrS

B1IKIZ M KREONY FOREBEELZTRT, BFEROFEMEIZRHL T
RKDIZHDTHH, —0.2Ryd & 0.5Ryd DFEEN X Dp#EL Cr D dFUEDD
XX BENDp —dRHEASNY T, ZHIZEIC3 OO SN TETWD, BIH
XDOpnEELTHHEENNV R, BTRLX—BED Cr OdSE2EELT
HRFEE/N K, FHEERDOFEALE Cr Dd Ko SR 53 E/E N R ThHDH,
7z 2 LV FERE SN RIZALE L. CrTe. CrSe TIXREBEDOEY — I L

IZH > TRERRBEELZ HON, CrS TE7 =/ v«wik%*ﬁw<
&37% NEBELTWD, 2D Lik CrTe & CrSe IXFREEMEIZR Y L9 <, CrS |
FBRREMEIZ 72 00 W2 L BRI LTV B,

BN FORBEEL2E 2KIZRT, Majority R R K&
minority A YV /Ny RIS E %2 RT, CrTe & CrSe IFWVW 3L dH half-
metallic, CrS IX metallic TH D, K E— A M CrTe, CrSe TiE half-
metallic TH B 4 y,. CrSidmetallic THAHZDH 1.1y, ThHDH, S HIT,
Te, Se, S A MINERBEKE—AV PR Cr DE—RX 2 M EHFEREITHLZIN
TV p-d R EERIIRBEMI TH 5, FBRE— A2 FOMHEIEILT e,
Se, SOIEIEZEASLTVD (M4), KREERE (cAENTIZICr OE—
AV MIFITTHY 5 c@ANTIEIRFET) OV NHELRB I Z2o7:,

BFEHEOEEL LTNM, FM, AFOXRUREZEHEL, 2T RL¥—
PRI EHOBEELE L TROTEERLS OB FEROFEMEIZICr Te,
CrSe, Cr SOIEIZ/NELR>TWVS (B5), NM, FM, AFD£=T
FINF—DEZK3IZRT, Cr T e TIEFMOT LT —NEKTHRENME
DEBEPYFIND, CrSe TIEIFMEAF DT RAXT—EFT/NEVNRFM
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DIF I BT RNLF—MES BREEDSHIFFEN D, Cr STIFAFRE N RET
FNF—%HD, TNODORBRIFFEMEREBO N REHEOKENOREIN
TebDEFFELR,

2) Zn,_,Cr Te (x=0.5,0.25)

Cr 1% ZnTe @ In DALEE HH D E L. x=0.5 DEFPEITxF L TiX ZnTe HB1E
TcEiFEOBEY A S In ODEBRHEIZ Zn & Cr THEOONHEES, x=0.25
DEBFLAEITX L TIE Te ITL > TEMNEEMICEENT Zn D120 Cr TEE M
ZONTBEEZRE L, \M & M ROV FEEHE L, F REORE
FEEIT half-metallic TH D, Te V1 MIFREINTZEF—RA 2 M Cr DE—
AV MERFAT. InHPA MTERINTZE—R LV MI Cr DE—RA U N EFT
Thbd, WITNOHELETRNLF—%HE L ERITREERENEETH
HZEERLTWD,

4.
Ry REFEDFER. Zn - blende & CrTe. CrSe 3 X VYRR Zn, _ ,Cr, Te
(x=0. 5.0. 25) ILIREEMEDS, CrS IR BEMELPRDEE TH D Z LRI N,

ZE K
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Fig. 1. Density of states of non-magnetic ZB type (a) CrTe, (b) CrSe and (c) CrS.
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BT 2 VD IEESRIC & ALaCo0;DCo A ¥ VIRAED[EIE

Identity of the Spin State in LaCoOs; by Submillimeter-Wave ESR Measurements

KU TZAN R RILRABEAR L, AR R T2
BLME, NNXE—, BEHE— Bz AREpiz G HE

S.Noguchi,S. Kawamata,K.Okuda,H.Nojiri', M.Motokawa? and T.Ishida

Department of Physics and Electronics, Osaka Prefecture University
'Faculty of Science, Okayama University
*Institute for Materials Research, Tohoku University

Abstract The state excited from the ground singlet of Co”" in LaCoOs; was
investigated by submillimeter-wave ESR measurements. The frequency and
angular dependence of the signals were successfully analyzed by an effective
spin-Hamiltonian with uniaxial anisotropy. The results reveal that the first excited
state is a triplet with a zero-field splitting of Co®” in LaCoOs.

1. ILHIC

LaCoOs (&, 1EIE CIRREMAERMATH 2 DY, 100K THREM IS, £72500KfFL T
SRBICEHE L., RERAC V2 RTRE L THIDNSHEREN TV S, LaD—EB
ZSreEEMZ % LiBH BT L. M LY LA R E KRESIEI R R T, £
12 B2 B A VIRRED T3 )V — LAN)VDEEA L W% 1 b KEIDIRREEE 2 5 5
BREENNREV, TOXD HREN OSSN ET. BHEHRTS. ETMEELT
BAHIN, FhUCtBOil, BRI VN7V L T3,

i L U TLaCo0sDCo’ T A Y VIRREIIFFRTH %, ENH. 100KLL N TR
EUHRRE (LS. 80, 1,9 Wb, S00KLLETERY ARRE (HS. $=2, t,%'e,%)
1Cix% EZZ BNTUVASD, 100KD 5500KD A VHRREIZH S & L IR E R
B (1S, $=1, t,°e,") BWNEZENS DIRECKAEZ & LEERH 4 TV NGRS
LTWia, TOREICHL, FRLWEFYTIVIKE SRAIEICED. L SHHEIIC
e E NI AL DAY IRRER AT (1],

2. EgAE

LaCoO; HASSIFRIMRINELA A — I VNT TIa—T ¢ V7V — VETHERL
Tzo MIRXFREHTICK D, B—EEGEEL. SUIHA S THAMERRE LTz, HIEIC
FAWGESRNIEE 1 mmER 2 mmO¥E T, B—FRAALVThb, YTIVIKE
S RAIEIZ VA BREA % FAV CERFZEU400GHz, fR@mEE30T. 15EE4.2KD 5 70KD
HFTITo7z0 V7 2 VIEASTRER ARG, FIERON < 13U Tz REER
FIODPPHM 5 DEFIC X - THERE=Z—3N 3%,
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LaCoO; DfEseEEZ X 11IRT, A
TANA FILF&EMN 1 1 1 HFAcA Uk
ATEHGERE TH %, TDAADNH R
RO cifi. BB, [001)EHICH ST 5, Co
AF N cEID LR 3 DDA THEN
TW5B, AR ERIEIC BT3RS
Z B, cHRUILASEATENCHIINL 72,
AR, B 429 GHz ICEIE
L. (110N TI0ER Z IR ElER
1> T?ﬁ“i L 7’::0 Fig.1. Crystal structure, local coordinates around Co™,
3. HlEssR and notation of the angle 8 between the field direction

X 2 LCYE}E%Q%_ T?ﬂlji L7ZESR %ﬁ and [001] axis in the (110) plane of LaCoOs.
NZART M IVO—FE2T %, K 2@
R KD, [001]ATATIF20KELET fin

f £FEUTz 2 DK E7x HEIEIRINA VBT
T, TNHIERVIBEERELBICZD
PR CIRIIEAE K S % HY, HIBREG X
ZHH57E0, £z, 30K R TI6T
BRI ENSBVEEXEE R & I
SORICTHENRADT 5725, [l 5 HDRER
AN KB EDEEZ NS, RIB, E
S RIEEIHREZAIE & Bx b . ASHE
B L ARBWRES & 2 o EEEHIT
EBHLEHEETHS, DT ML HE
JEEIRREIIERIME—FIRIRRE T H % L F5h
T &5, KEFRIUIFHERIRREIC X BES
MNEEIC K> AR EINZEDEEZS
N3, —73. REEZ /5 SEnc AN U725
BREE2 OITRT XSS, Ah &adlie Fig2. ESR spectra of LaCoO, at various temperatures
REFIRUL E | Z DD ORSH IR between 4.2 and 70 K: (a) with a frequency of 525 GHz
5N3 f, LrellzY T o4 NRIDE for B // [001], and (8) with a frequency of 429 GHz for
A&z, T o OFIEIRINOIEEARTE Bi"cubic". The sharp signals labekd DP are from
B[00 A EFRRT. IBEERE EEIC DPPH.
Z OSSR R UIRIIEANEA S % , ANHIHHE
BICOWTEERRTH %,

ST, HBRIHEHSIRREIC X % & 07 S I3BVERRIDIBEKF 2 RT3 T TH
%, THNWEHERET 728, TGEE L RIIEONEZ & 0 SEREEOEE T 7oy
~ UTehdiSRz X 3 1SR S, FETEREEIISOK DL T CEWEMEACHE S MoK LLE TR 5
A RS, THUIREZIRIVFRINCE D A ASFHENRENE 25728
THb, THUHL, RIIED 2 FiF30KL FTEGEREIHES , T, FUETT

Teensendsston {arhe wndis)
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Fig.3. Temperature dependence of (@) the absorption
intensity and (b) the resonance-width as logarithmucally
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Fig.5. Frequency-field diagram of LaCoOj: (a) for the

"cubic" axis and (b) for [110]. The solid lines represent
calculated curves.
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Extended Application of Light Figures to Optically Active Materials
with Transversally Isotropic Dielectric Function: New Theoretical
Approach and Comparison with Experimental Results on TeO»

(@) Department of Physics and Electronics, Osaka Prefecture University, Gakuen-cho 1-1,
Sakai, Osaka 599-8531, Japan

(b) Department of Physics, Nihon University, 3-25-40 Sakura-josui, Setagaya-ku, 156-8550
Tokyo, Japan

Nazim Mamedov (a), Nobuyuki Yamamoto (a), and Takeo Takizawa (b)

Extended application of optic-axis light figures to optically active transparent
materials with transversally isotropic linear dielectric function is considered. The
parameter of anisotropy of this function is shown to be essential for the scale of the
effect of optical activity on light figures. An algorithm for determination of all material-
related optical parameters is proposed in the form covering both symmetries possible
for optical activity in uniaxial materials. Comparison with experimental results on a
thick 1420um-plate of TeO2 shows that, in full agreement with the performed
theoretical analysis, the shrinking of the low interference order curves into zero-size
isochromates is observed at multiples of 7t for rotation angle. Using above-mentioned
algorithm, transversal component of the gyration pseudo-tensor of TeO2 has been

recently obtained for the first time.

1. Introduction

Light figures have recently been applied for determination of the group-to-phase
velocity ratio of light in an anisotropic medium.D The new analytical developments and
preliminary experimental resultsl) have then been verified by a work2) conceming with
the well-known uniaxial material, CaCO3.

At the time light figures have also been applied for optical characterization of the
ferroelectric incommensurate (I) phase transitions3) with spontaneous formation of an I-
structure whose correlation length is of the order of tens of nanometers. Influence of the
space dispersion effects related with this correlation length has then been found to give
a very large optical anisotropy of the refraction indices, such as ~10-3 in the order of
magnitude versus ~10-6 in the periodic structures with usual inter-atomic distances.4)

For the first order space dispersion effects, such as optical activity, light figures are
able to sense excitingly small variations of refraction indices, such as 10-6. This fact has

already received a comprehensive, theoretical and experimental verification in a very
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recent work>) concerning with absolute and relative light figure methods.

Optical activity, which is impossible in the center-symmetrical materials, nevertheless,
becomes possible in I-structures even if the center of symmetry is one of their average
symmetry elements.6) Light figures become then very important for differentiation of
various space dispersion effects developing in the I-structure.

The wide use of new extended applications of light figures for can be foreseen for
ternary and multinary compounds in the nearest future. One of such applications, related
with full determination of the optical parameters of the anisotropic, optically active

materials, is described in the present work. A comparison with experimental results on
TeO; is also given.

2. Analytical Approach

Analytical approach to light figures of optically active materials has been developed
just recently>). Until then, any analytical approach allowing for treatment of the data
from light figures of optically active materials was lacking.6) Within the frames of the

developed approach, the effect of optical activity on light figures is mainly governed by
the ratio

G
Yo _ 14 2’_H_‘ (1)
14 14
where Gj is longitudinal component of the gyration pseudo-tensor. Parameter y, or

parameter of anisotropy of dielectric function, entering (1) equals

E '=&
p =3 ()

€&y

¢, and ¢, are transversal and longitudinal components of the dielectric function tensor &,
respectively. Parameter y; entering the general condition of interference5) is parameter y
modified by the gyration. As seen from (1), the effect of gyration on light figures is

stronger the larger is the gyration, and the smaller is the anisotropy of dielectric
function.

3. Algorithm for Determination of All Material Related Parameters
An algorithm allowing determination of all material related parameters of optically
active materials with transversally isotropic dielectric function is developed using
reported generalized approach.5) Comments on the solution for G, of TeO; can be given
with the aid of Fig.1.
Using new variable n
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n=1:—;—yssin29 3)

where 0 is interference angle in the presence of gyration and e=¢, and plotting the first
and second terms in the brackets of following relation>)

}/8+2h)—1\ ye
G,=|G-Gyg 4
[ ye )ﬂn—ﬂ @)

one can easily find all possible solutions for G,. Parameter G entering (4) is found as

G==g -1 ©

where g is determined from experiment. For TeO; the lower sign in relation (3) should
be chosen.

For all n between /-ye/2 (or 6=m/2) and nmin solutions for G are imaginary, as
predetermined by relation (5). For 1 lying between 1mpqx and 1 solutions for G,are real,
but G is with the same sign as and larger than G ;. This is in conflict with experimental

data according to which G of TeO; is decreasing rather than increasing with increasing
incident angle.

G(1) == imim i i
6.6~
—~ 1
S| e
< +

~— Q
D s

0

1—%]/8

Fig.1 Determination of transversal component of gyration pseudo-tensor for optically
active, uniaxial materials.
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Therefore, solutions are possible only for 7 ranging from Mmijn to Nmax . They change
their sign at mpy/ for which G equals 0. Final solution for G of TeO; is determined by
Nsol that was found to be systematically between mmin and mpy/ that give solution for
G only in the negative part of the shadowed area of Fig.1.

3. Effect of Shrinking of Interference Curves at Multiples of & for Rotation Angle

The effect of shrinking of interference curves into zero-size isochromates, observed for
TeO; is fully consistent with the proposed analytical approach.3)

Every curve with the lowest interference order tends to shrink into zero-size
isochromate at multiples of s/d for rotatory power, where d is thickness of the plate.
After shrinking, the interference curve disappears from the light figure pattern in full
agreement with the fact that interference order m in optically active material is not
allowed to exist below a wavelength A4, given by condition

n*(A,)Gy(A,)d = mA,, (6)

where 7 1s refraction index corresponding to ;. Condition (6) immediately leads to the

corresponding conditions for rotatory power

7
A)=m— 7
X(An)=m— (7
and rotation angle
@(A,) = x(4,)d = mx (8)

which account for the observed effect.

Careful inspection of the experimental data on TeO; shows that light figures are able to
sense as small variations of refraction indices as 10-6. Such an ultra-sensitivity of light
figures is causcd by their interference nature and explained by strong angular
dependence of the radiuses of interference curves.d)
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5) N. Mamedov, N. Yamamoto, Y. Shim, Y. Ninomiya, T. Takizawa, submitted to Jpn. J.
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Growth of quantum dots of I1I1-V compounds by group 111 and V source molecules with

hyperthermal energies

BhRY: T ERETLER

Je B AE R

Department of Electrical & Electronic Engineering

Miyazaki University

Abstract  An extremely high density of GaAs and InAs quantum dots(QDs)were grown
on GaAs substrate by supersonic molecular beams of group III and V metalorganic sources.
The density of QDs was controlled from 5.0x10° to 1.3x10'* cm™® by changing the beam
energy and the injection timing of beam pulse between group III and group V sources. A

sharp and intense photoluminescence peaks were measured from GaAs and InAs QDs.
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The growth of bulk single crystal CuAlS, by THM using In solvent

KIRRFS KRR T %Rt
RERE, TR, kAR, ILAET

Graduated School of Engineering, Osaka Prefecture University

Norihiko Uneme, Tomonori Nisira, Yonggu Shim, Nobuyuki Yamamoto

Abstract The purpose of this study is to investigate the growth condition of high-
quality CuAlS; bulk single crystal by traveling heater method (THM) using In solvent.
In this method, the crystals can be grown at lower temperature than the melting point
and have stoichiometric composition in form of CuAl;«InS, alloy crystals (0<x<1).
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Fig.1 Growth procedure of synthesizing feed polycrystals
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Fig.2 Schematic diagram of THM growth process and apparatus
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Table 1 Growth conditions of single crystal CuAl$ by THM

Crucible Feed polycrystals In solvent | Keeping
L};M . Material Shape Amount | Shape | Amount | In-length T(:‘CA); times before F;f'::\?g:;)

i (mm) (@) (@) (mm) fall(h)

01 Hot-pressed BN | ¢10X 117 | 7.8742 | Tablet | 2.8563 4.9981 1080 24 10
02 Carbon 6 8X 85 3.9999 | Grain 2.8554| 7.8070 1090 24 10
03 Hot-pressed BN | ¢ 10X 117| 3.9999 | Tablet | 2.8574| 5.0000 1090 48 10
04 | Hot-pressed BN | ¢ 10X 117| 4.9997 | Tablet | 3.1399 5.4943 1150 48 5
05 Hot-pressed BN | ¢ 10X 117| 6.5379 | Tablet | 3.1399 5.4913 1150 48 5

Table.1 12, EERIIBITAHIEREMHZ7T, £3. THM-01 Ti CuAlSe, iz
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Fig.4 Composition mole ratio of THM-05
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Growth of Group-V Doped CulnS, Crystals by Using Hot-Press Method

BWAY BRET LR
ML, AR, EEFR . R

Department of Electrical and Electronic Engineering, Miyazaki University,
Hironori Komaki, Yoji Akaki, Kenji Yoshino and Tetsuo Ikari

Abstract V-elements (P, As, Sb and Bi) doped CulnS; crystals
were successfully grown by Hot-Press method at 700 °C for 1 h
under 22.5 MPa pressure. It is concluded that all samples had
stoichiometric compositions and formed in chalcopyrite structures by
means of electron probe microanalysis and X-ray diffraction
measurements, respectively. Thermoprobe analysis shows that all the
samples doped with V-elements showed p-type conductivities. Since
a non-doped sample showed n-type conduction, we considered that
the V-group elements were substituted in the S site and enhanced
p-type conductivities.

1. IXLDIZ

CulnS2 /3. K EM & L CTRIEZ2EZHIFIE 1.5eV & K& Z2RIUREL 3%10% ~
10" em™ 25D D RIS ER L L TH/RIN TN, L LR b,
CulnS; & AV KEFER DR RIT 12%RE ITEE->TWD, TOEA
& LT, @R E TIZ CulnsSs 72 FOERBVEE SN T LRV, BE MR
BBREOLNICSWRERD D, BREBOREZBECHEICZ, BEht —F—ik
(traveling heater method ‘THM)>® . ft % g 2% gl £ % (chemical vapor
transport :CVT)Y’ P, &y h 7L RERH D, TN bOEE TIIAELLT T
AR TEDRARHD . FIZFy ML REER, RERICEZNZ 272
O, ERETHEEBRTE 3,

INETIT, Fxiddhy PZLRIEIZE Y, [E/TF(10~100 MPa) TR EIRE
700 °C. BERERFMH 1 hour T non-doped CulnS, fEas B S5 Z LTI LT
¥, L Lnds, 3T n BRES EATFVITH Y . EEG~40MP) TH
R L 723 v T b F BB Tl o 7o, A ENE. VIETTER(P, As, Sh,
B)ZEM L7 CulnS fEdz Ry N7V REEZBANWTERL.p BEEEZ/HFD
TEEAEBE L,
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2. EBRFIL

CulnS, a2 ARy P 7L REEZRAWVWTERT 27 OITH R T RME
Cu2S(99 %up). InzSs(99.99 %)% AV T, {LFEFMRAVERKILIZ/A22 X D ITIR
AL, 612 ViEHR (P, As, Sb, Bi) 0.3mmol Mz 7= D EJFEE & LT,
BRI E D —R o ¥ A RCFELFICE Y b L, lESREIZRE 700 °C. £
7122.5 MPa, FXERFM 1 hour & L7z, O & LT, X AREHP(XRD),
EF7n—T7~A 27 e oEPMAEIE., —F7e—7n08. MEEHA,
BRIE#IT- 7,

3. BEBIUEBE

Fjj 40 MPa. JBEE 700 °C TV FREM CulnS, # B ik L7z, XRD El#ff/% —

NZEV . TRTOP LTI THN XL 54 MR ER R L. CulnS, LLSk
DEE, fLEMORITE— 27 3B oo, B 112(316). (332)HE D XRD
AT M) ERT, Sb-doped CulnS, DREIHFTE—7 1%, o 7 X VIEA
ERNZHA LI 7 P LTWA XRD B RF— I B FEHZFE LT,
212 V EREIN CulnS, D FEHERT, 25EE LT, THM ETERS
7z CulnS, #Edt YO FEH S RT, Sb-doped ¥ > 7 /L OBRFERKIT. tho
P 7N EY ac BEIIKEL RS> TWVWD, T, yamamoto & P23 ASA
(atomic sphere approximations)lZ & > CTEE LR E—H L TEY .| P o
SHA MIB#LE SO ORFERVKENEEZOND,

EMPA OFER XV | non-doped > 7V EHEART, VIREGM L= T
(FH—IZ Cu, In, S BEEINTEY ., (LFEROMKITEVFERE 272, =
DOHEMEE LT, 700 °C TIX VIRTRIZT 7 Ah Tk E LTHEE L., K
Licieb b Bbnd, VEEXTEDOEEEIIHAMLIZEL VD72 >7(P 075
atm. %, As : 0.97 atm. %, Sb : 1.54 atm. %, Bi : 2.02 atm. %), Filix. HEIRE
700 °C 23 P, As DFH-E L (P : 416 °C, As : 613 °C). Sb, Bi D@5(Sb : 630.7 °C, Bi :
271.4 °O) XL VW BV =012, BRI VIETTENI—R F A4 2AnbHRBHH L
=0, "fbkLizizd & Bbn s,

X 3 ICHERECEREZTT, fy h T VRIEIBEZEFIRA LEHETH
B, eENICREBEAFTREELRH Y. (LEZRITET 2 Z & I1TFERIC
BFRATHD, ZOKEIZIRMBTHE EEZBND, &L LT, THMIET
BRI N7 CulnS, F5 &k YD LE H 7R3, Non-doped ¥ > 7 /LD tLEIE THM {4

BRINFZH TN EHRTNEL, SOEBRTFIZLZ b0 L Bbild, P
Sb-doped ¥ 7V D HLEIZ THM {ETERK LI 7 LIRIER CEZ R L.
P, Sb JRFMN S A MZEBHBRL S OZILFREL Lizizd L Bbh b,
As-doped ' 7V DHLEII/NE L 2o THE Y, 700 °C TiIXRMAE L L THET
% AsIZE S TH Y IARICRANREER SNl L Bbid, ZEERIZ As ©
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4

PMEZECLTRESEDS L, GFRITTZIEDLLRVBHEITED LT
WA,

P—7r—T7 ST E V. non-doped V> 7 /I nBERL, T XTDOV
REAN CulnS, 3> 7V T p BURE 2R L=, EPMA OFERNMG. FJH—iE S
DZEREF(Vs)D>. Cutr A FD In(Incy) & B2, 74+ LIy B RX
X7 MG Ing [CEERLEBRIZR O -T2, T2, Ve n RO
BRIZR -7z B s, p MiZ/e-7=B8H & LT, VIKTED CulnS, D S
YA MZEH(Ps, Ass, Sbs, Bis) L. 77T ¥ —Zhoizfeb L Bbind,

ESHEIZ LV BIE L7 — MEFUEA X 4 127”3, P-doped v 7 /L DK
PUEIL. CVT {E THRK X 7= p-type P-doped CulnS,” & 131F —% L 7=, As-doped
P ZVOEEF OB & LT EPMA OFfERD D Ass 7217 TR Veu DT 2
BTN FEL TS Bbind, As & RI#RIZ Bi-doped ¥ 7 /Ui
Bis, Cum P 7 7 B 7% —OFEIC L VEREHUZ 22 572 & B 5, Non-doped
BT UNMEERR DI Vs BELSFELTWD D LRSS,

. Kham

V-elements doped CulnS,f&gaZx A > M7 L RIEIZE D ES 22,5 MPa, RE
700 °C. BEFEREM] 1 hour TRE L. pM=E 2G5 Z LITAEI L 72, Sb-doped
YU TN O FERIZMOY T XD KE D> 72, Non-doped > 7 v DH
BT R —TH o7, VIETREZRMTHZ LITLV B2 {LF &R
MIRARRIZIE 72 o 72, FAUX., VIEERROIEB DD L Bboind, p MizED
BERIE. CulnS,#EGED S A M VEETESERLIZZOD BN, P K
U Sb-doped o 7 /LD ELEIZ THM {ETHERK S 4172 CulnS, HfEds & 1ZIEF T
BxR L7z, —F. As XU Bi-doped ¥ 7 /i, FNFNRIL. Vs DFFFEIZ
EVEEIT/NELS otz EHIZ, &N TH - 72 As XU Bi-doped 37 /L
X, TNEN 2BROT 7T —HBEFEEL TV D,
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Ry N L REIZ K D AglnS, DGR

Growth and Characterization of AglnS2 Crystals
Grown by a Hot-Press Method

EAY BIETLER
BB, EHE-. RO

Department of Electrical and Electronic Engineering, Miyazaki University,
T. Kakeno, K. Yoshino, T. Ikari

Abstract

AgInS;2 crystals were grown below the melting point by using a Hot-Press
(HP) method. The samples grown at 400 ~ 600°C under 10 MPa pressure
were found to contain a AglnsSsphase. This unnecessary phase disappeared

with increasing the temperature and uniform AgInS2 phase was successfully
obtained at 700°C

1.3 ®IT

[-I0-VI; E{bEMHmiT., & THHEEZ 5K ERW « XFNRFELZ T EEEY
FURERTH D, Cu-ll-Vlg EHN 2314 T4 FEl%REAL (2 Cu(lnGa)Ses
(CIGS) & ff» 7= KEFERLIT, RKE RRIUREL L FEIR T 1.0~1.7eV OV F¥ ¢
v T ERFOTZDRSBEINTVWE, EEIZ, £#&E CIGS 2 X—RX L LXK
BREMIZIH VT 18.8% DEIRMNER SN T WS YV, 5 Tix, Ag- -V fEH L
TR, T A FRMEER RFIZ AginSe b KISEMORINE 2 ED 48 & L CHIRE
SND, £z, AgGaSes 13, KZX 723N FRE L RO TO IRV VBRI Z
Hh, IEBEIFMEL LTHIFEESNTWD 2, AglnSe i, Rl E@EEs L
IR, T4 MEED " ODORERBEEEFFS TV, £ 5 REEIX 6200CLLETE
E L, INang T4 MEEIZ620CUL T TEET S ¥, 2072, &
L, WEFELF LRI TR,

FI T, AETIE, Sy FTVREZRWVWT AglnS EaZER L, 08
BRI T S, BiZ., BIETHRELRFICEZZITI Ry b7 L REIL,
ORACE DA T URBTOEBENBE S, BVRE THEE DR ERE
bbb, OEHORETIMNZ. HHVIIBIET AR EOBENH B Y, LER
FEGE (CVT) . 7V vV~ (VB) BIZEAREBREOHRE LI TV
Y FNHITH R TERE CHBHES IR E L fE &S (EE 20mm. E & 5mm)
/LI LENTED,

2. R Gk

YR ZITRAME AgeS(99.99%). IneS3(99.99%) % FAV T, {LFEfmATERLIC
BRAHBIIITREL, ZNEREEIE LTHy TV REZBAVWT AgInSe SV 7 #E
mEBRIET, BEEZI—FR A4 RZFKEL, EAT (10~100MPa) T
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REIRE % 400~700C & B & &, fERM 1 BFHITER LT, 3 v 7 i
WA LRI L-%. STMEE2IT o 70, FMlEiEL LT, BEBELRFE
& X BEPTEXRD), M2 EF 7o —7 ~A 7 oS (EPMANC X Y #IE
ZiTol-. T2, V—F o —TEICL Y CERZFH I,

SHRERUVUEER

Fig. 1 IZE/ 10MPa, BEIRE 400~700°C TH v b7 LR EEZHAWVTER
L7 DfEdh XRD A7 ML ERT, [FIFFIZ AgInSe® & AglnsSs” @ JCPDS
"9, 400~600°CTiE AglnSe & AglnsSg D — 27 NRTE L TV 543, 1BE
Z EHXE BI04 T AglnsSs D B — 27 BF L TvE, 700CTiX AglnSe D
v—rDEHERLE, LB ->T, 700CT AglnSe NEKT A &N TEL,
ZOREL., AgInS: DEEE 877TC LY 170 CU HEVIRE TH 5,

Fig. 22 Fig. 1 ® XRD NZ—V LV ROEFERE T~ T, EBR. 2RI
JCPDS O#TEE ath, cEHDE TH D, 400~600°CLIBEEZ® LH H BT
T c RO FEEIIEIML TV, a BIIHF VLB RO o577,
700°CiZ7%2 5 & a. cEhé HIZ JCPDS EIZHR HITVMEIZ 2 > TV 5,

Fig. 3 \Z/£/ 10MPa. FAEIEE 700°C TD 5mm EFE TP EPMA O#ER %R
7, Fig. 3 DE®KRIT Ag. In. S DLFEMRAVMERL Z T, HBHL (10mm)
TSN CEFERBMARLIESWT WS, o, RE oSN B1FE
M 2NIE S o, 2T 400~600C THRIBROFERN B LN, XH0X
DFERE LT, HEREZ—8MEETHHE6. HMTHEBL UMK L &8 & DEEIZ
Lo TENMEEPRIR E N, BH—oBE 2B ERE LI WG L
BlENn3d ¢, Fig. 4 ICREtOFLEEEL L, BEICLAMEMEDOELERT,
BEY LR IFIICoNTEFEROMALIGESSBEmMER L, LA
Do, EEMICE D L Agpoor, Inrich ThHholz, y—F /v —T7H5HFOKER
v, 2ToRETnRL o7, LER-T, REFIZKEFE ) HDHW
T Ag YA D In (Inag) O RFT—HERMIBTFELTNDEBX 605,

4 FE

Ziftds AgInSe 24 v F 7L AIEIZ X VIES 10MPa, BEIRE 700C, &
RER 1 BRI O T TREREICKRTI L7, BT EHIT a. cEiL HIZ JCPDS
DEIZIEL 2o 77, BEZ LR/ X85 & RENHMLFEROMAALIZITS @M
R LI, REIOMUDOMEEEENIZS DL DT, &y T L RAOIMEN—EHS
MOHEBHIEE) 2D T, EAZHENR =K TRV LE EHREND, 51T,
E2TORBHZBW T n B AR L7eDix, FAB2ED Agpoor. In-rich TH D7
B, Iniv InagMnBOERIZR 72O TR N EZE X HND,
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Fig. 1 Temperature dependence of
the XRD patterns of AgInS.
crystals.
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Fig. 3 EPMA results of AgInS2
grown under 10MPa at 700°C.

43

6.00 T T T 1140
AgnS,
10MPa
-— .
& sonil: a axis § -
< i 3 &
4 faceos i 113
3 [ L
dssof 2
8 8
S i JCPDS S
0 bl i i e 0
‘é : " ll.ZU_E
k. 570 i ¢ axis 2
———ep
L]
5.60 ; ' ' : 11.10
400 500 600 700
Temperature (T)

Fig. 2 Temperature dependence of
lattice constants a2 and ¢ of

AgInS; crystals.
tader
60 T T 1] T
AginS_ 10MPa
. $
50 . . .
3 ]
d ]
faul -
,E ]
30 + F R
g ; : ,
U i ' A
7t ' Ag .
\ ]
10 L 1 1 i
400 500 600 00
Tanperabme (X}

Fig. 4 Temperature dependence
of EPMA results of AgInSs
under 10MPa.



51 F Sk

1 M. A. Contreras, B. Egass, R Ramanathan, J Hiltner A. Swartzlander, F. Hansoon,
and R. Noufi, Prog. Photovol. Res. Appl. 7 (1999) 3.

2) #|H EaE, WK Ef7T, HA%E 60 (1991) 118.

3) J. L. Shay, B. Tell, L. M. Schibavone, H. M. Kasper, F. Thiel, Phsy. Rev. B9
(1974) 1719.

4) O Bk, BHEIFEE B ThR (1998) 418.

5) L. Martinez Z., S. A. Lopez-Rivera and V. Sagredo, IL NOUVO CIMENTO
2D (1983) 1687.

6) JCPDS No. 251330.

7) JCPDS No. 251329

44



SrIn,Se, D B daERL
Single crystal growth of SrIn,Ses compounds

AARZIEHTZEH  ARKER BeTHE BRESE
Department of physics, college of Humanities and sciences, Nihon University
Masakazu Kubo, Chiharu Hidaka, Takeo Takizawa

Abstract For the single crystal growth of the SrIn,Ses compound, the pseudo-binary
phase diagram of the SrSe-InpSe3 system has been constructed. The SrIn,Ses compound
shows a peritectic reaction and is solidified through the super-cooling process. We have
successfully grown a single crystal of the compound with high quality using a specially
devised crucible together with temperature control to form a crystal seed.

1. ¥
Nalll, VI, RILEMIZ, N RF¥ v o T2 & Dk 2 2 WBHIEE 285>
TEDREIFINTWD, I ZTIiE, ¥FIZ(Sr,Ba)(GaIn)Ses (LEM DT T, @
EICIVERIAEIGEEEEZE 2N, 2O Ry IR RKEWVWE FRAEINS
SrIn,Ses. Baln,Ses. BaGarSes {bAMIZ OV T, HEESRKE 2R A7,
TRZEBGHT (LT TIX.DTA EIER) OFER LD . 2o OWE O/ AT 1200°C
LUIFTHEN, BEEEMND DI, BEIEIZ X 2FEEREIZE, FFlR TR
FETLIENEALEZ, T2 TE, DTA BIEICRB W TRUASHBRIZEIL, 2o
AR L ORENB StIn,Ses LAV DFEREE X R D=, = OLEWO/ERL
Blix, xOMBBEVEETIZLHED Y, FZTIEZOILEMOFRERZTOK T
T, RFEEZERRESNTND, Y
LR Tix. AgGaS,{b&# DIE
plESEICL, Y iBmnHEE ST o

T SimSes (LEMDRBMEER Wl .
=12 ¢, 1060 - 1grorse 1q.
%‘7‘:@‘(\\\ %@gﬁﬁm%ﬁ%?éo - WY T ErEes "‘““"“*“’““""‘:‘u.\
g %60 - In,Se,+Scn Se, .\"\..\t Lig.+In ,Se,
. ) g w0r Lig.+SrIn ,Se, ™ e
2. RER DR = e e
T o +SrSe
£ BROREFELRES - e
5 RIIMR X #REYT (LT T, &5
XRD & FES) & DTA #AWT e T e w e w e w W
- ] SrSe Density of In,Se (mol%) TnaSes
SrSe-In,Ses #E —JLIRREX % 1ERk L
7o (Fig.l) DTA TIX. Sr, In, Fig1l The pseudo-binary phase diagram of
In,Ses (L&MW % FH ZNFHFL DM the SrSe-In,Se; system.

BICFEE L. 400mm X 7mm ¢ D
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BEEICEEEHALELOEZAVE,  BIEE, 1120CETHE, BRELT 2
EiT-7, 1 ERBOBRIE TIHMEFERISBENS ., 2 BB TIIRACRE R &
DEBREDY 7 FA0E, TRENOREERDE, XRD BIEL. Cu—K
a HEAV, BFA 10_~90_D#BDEIIFHEEZ A, HERE L,

Fig.l OIREER LY | SrIn,Ses (L EMIX. BaIEZE > TARIILDERL
%, BEICEEIFBROREIZIX, 77 v 7 RERFHTHD, L, Z
T, BHRANZ Ko THAED SrnSes (LEVMINHTONLDFLFA L, AL
HEREEEL LT InSes (LEMDOEIEH S0mol%DIREME AV, SfRS
2RI L=k 2R AT,

3. {LFERIGBE

Fig2 1%, 1[EIB @ DTA BIEIZ & 2K
WREZRT, TEROBRICE - T, A
RIGEBENRLZDT, RIGREIX. —E
272 6T 60 COEEATENLT 5, K&K
V. # 240°CIZ InSes (LEMI DK & 72 Kt
E—IBRRAOND, ZORIGITBIEMT,
RRICAREABEZHET 2ERH D DT,
THNEREET BT IngSes (LEMITRTH -
TRIG « B E® T, e

SrSe {L&#I%. 350~450°C TRUG L7z, o0 en R e e
LORAMOBRBICBVTORERR gt (0
MREHROND, ZOREEL T e Poees
ARHAELRET 2ELH DD, SrSe
IbEMILSr 2L AL LTARK LT,

SrIn,Seqs (L EWIZ. LR >DILEWM D ERLI L. 1003 C THBL I 1L,
A, 1016CTH 5, Fig2 D TEHOABM TR T L I IZ, SrIngSes (LEMIE,
A EZVH 200CIEWVIBEE ClEaAIZEZ L, BEAIX—EIZEE 520,

INHDEMIT XRD I2LD ., ZNENE—MAOILEMTHLZ L, BX
ODHEBR.ZEX{FPIZBWTEETHD Z L 2R LT,

DTA signals (0.1mV/div)

4. AR ER

DTA & XRD DOFER L V| StinySes (kAW DOERKFIEZRE LTz, £F InsSes
IveEMmE SR LT, {LFEBEETREEL In & Se 3|2 120mm X 13mm ¢ D
AEEIZEZEHALE, ZNEEXUF P TRIGREQR40°C)E TMEAL | InsSes
{LEMmEER L., SOLICRIKREY 2725, BEZRA (863°C) £ TLiT.
ZORET 1 BERFFL., TO®RBREG L TLEmE/ERI LT,
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Srin,Ses (L EME AT BBEIE. G L7z InSes (LEW L Se. Sr 7 /VH v
FHEATTHELL, ZNLDEBE, WE’?%F?%T“:—-?4 VYA P SE Vi
— FERIZEZX, 2% 120mm X13mm ¢ DAEEFEIZEEH AL, ZOT7 7
NEERIF P T, StnSes {LEHDERA L,Lj:w(mfzf'cbé 1030°C T L. ¥
REE 2T 5512, 24 BFRERFEF L 7=, SrSe 1XIEE LH1BRE 350~450CTE&
% Z 41, SrIn,Ses (LEMM 1016 CTERK I ND, HFONZAMITXRD IZL-
T, SrIn;Ses LA DHE—
FMTHHEEMER LT,

1,080 |
~ 1,040

Huanf{%aht R é 960 |
BLTUTADLRY L L e —
L. cnEpmLE. = & N\
@Aﬁ%%#ﬁwﬂ’ - S
L. BOaEEf|IC 18 20 22 24 26 28 30 32
HAL, 2N 2 EjZ ﬁ Position of furnace (cm)
Bo7Ly7Le L, 8 Fig.3 A carbon crucible and its temperature

profile.
o K DB R 1T 5 AT
EEREABEEECLT
TiX VGF LR PBZIC L, 2 MO —RESRE B oFE A, B
B EEITo T,

Fig3 1%, BEREZIFERT 27-DICE X RFHB & FRRERICRFRHE
EEWIEIFNOBRESHZRT, U—\;ﬁiﬁiﬂi EREREIEDE7 A (60mm
X6mm¢) &FEFERBEIFHT 28 B 3SmmX3mmé) DO _OOEMEAFT
%, BOBEZM§ 2B, ?ﬁkﬁé%a‘*m%ﬁﬁk'@"é%f%é
FErRERLBRIT, M ORI & B R D 21200415, Fig4d 13, Fig3
W2 B OEMMBOLEE G 20mm)DBE TR T 7 A TH D,

1030°C
lois’c 0.25cm/h
~
8 600°C Crystal growth
5
2 \
z 1
g
o
=
24h 32h
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i
1
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Fig.4 Temperature profile of . .
the crystal growth Fig.5 A single crystal of Srln,Ses
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E. BERERERDOT 7 V% Figld TrRTIRESH 2HE>BERFIC AN,
LM EELRESE D5, REMBOLEHREZ Srln,Ses (LAY DOEA (1016°C)
PEIZ BT, RIZBHHEZEELTZDEDIRES 600°0CETFIF., &%
BB X ¥ 7z, B Fig3 ® B OFLIRER 1016°CIZ BT, MEEH—{bk3 57
12 BERFF Lz, T, B OERNCERESEZER L. ARIBEIRIZZ: D8RI
THLRTHD, TO%, ZOFEZFIHAL 025cm/h TREZ TR, HiEM
R Z1To7, BfEdiZ, B OFLHSDICH 2R 0E L TWe, Lx
L., R ERETIIRENE L FEL, BOMICENWRFBMBEA L TV,
Fig.5 1%, RFEHBWOLEHENS 52mm OHSA)DOFEEDOEETH S, Foink:
FEERIY, BATERAZBERESETH -2,

6. JWRIL

B on-BEERDOERIVAIEZ, KR s0d
a7 o7 AV, 1.8eV~2.6eV
DT FIVXF—FEBIZOWTEIRTIT o7,
BIE L7=REHT, REmz&EmmMLL, &
EHE,. BumllLZbDTH B,
TOBRIELD, N RFr v FIIRR
T 2.6eV THAEN G-z, LI L,
CORBHIFEFEENZOHIZ, Hoin l | |
vV R¥xy  FITEMEIFTTE IRV, iz, 1.8 2.0 22 24 26
26eV L FTIE7 o — R XRINA RS photo energy (V)

N5, WEOLZAZORIBIZL B Fig.6 Optical absorption spectrum

e of a grown SrIn,Ses at room
PAET D2 TR, temperature.
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7. FLD

Srln,Ses (b EWHEFEREEZ, HBMOERE LRT 22 & T, BHEIE ST TH
BI®HBZ LTI L, kR L mIZERTHALZEY . 2FmicBe
TEABREN S FELEZ, LrL, EFIZ7 7 v 7 RBNARMMNE L T
Wiz, TNHEEETAZDIZIIFERREFEEZEZ T ZOMKRMEZLET
528, BIXOHBOMELZBRT2EOTRBMLETH S,

8. BEIMK
1) Wilfried KLEE und Hebert SCHAEFER; Revue de Chimie minérale, 16, 1979, p.
465

2) Eiji NIWA and Katashi MASUMOTO); Ternary and Multinary Compounds in the
21st Century, IPAP Books 1(2001) pp. 39-44
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A trial of the single crystal growth of CaGayS4 with high quality II

H AR SRR
Am T, ®RED

College of humanities and Sciences, Nihon University
Chiharu HIDAKA and Takeo TAKIZAWA

Abstract We have grown single crystals of CaGa;S4 compounds by the
horizontal Bridgman method However, these single crystals had many
cracks and voids, and did not have high quality enough for optical
application. Here, by means of differential thermal analysis, the relation
between the variation of the melting point and the crystallinity is
investigated. Based on the results, a single crystal with high quality has

been grown.

1. Fr

Ce*ZWNMM L7 CaGaS, X, HEKMEKHEIE LTEBIN, BAETEE
BLEBRZOMERRE SN TWS, ™ F72, Eu 2% L7 CaGa,S, B
BICBWT L= —RBERNER SN2 b, CaGaS, Bffidix, L—H
—BEFEREE LTHEELEZONTWS, ¥ FIZ, CLBRNIERT FUIR,
BHEREBLEN LD, BRAEZL—F—~OABPEIND, L —
Y—~DIGHZERTEHZDITIE, BIEFERIT. 77 v 7F2EFT. 220,
JBITEDBJATIZ LD . — R TRITHIEZR 5720,

—F5. ZOEWZONTOEBMEIL. +ofThbn Ty, HiERE
TOFMIZEY ., LV EMEERFHNRZBERNEOND & & HIT, BFERMHIC
BWTH, Bz, BAEERTHS CHFDEBHBEY A FOXFMELR LT, FEd
BIZE 0 R LU EEMSCRAEMEOFMBBEOLND,  EBEIZ, Tanaka
51X, CaGa,S, & RBEDILEYM TH D SrGa,S, s E AWV TE LR T F Lo
fRICFFEZFAR, Ce N Sr¥ A MIEBRLTWAZ &2 RLE, ©

21X, 2 FE T CaGa,S, B ERERMIBRRIEIZL > TIToTEE” L
DL, 77y 7 RREAENBETICAO., BRERBELRIESL TV 2N,
FxiL, MATEOMREANT, (LEVOEREZIToTWVWE 7D, FAEBHE
PSR IAEN T R2WATREERH B,  Fio, (EkEVMEMENT VT
VIO H L CHERVRT 2, BRI hdZsbExonsd, =
T, REBSHTEMAER X BEEITIC LY . BFICARE DML RMEICE X
BEBIZONWTHARNZOTHRET 5,
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2. FmmfFROMER

R RICEB Y E 2 D ER & —
LT, RO 2 D&FEFBIERT ! o
5, —oiE, ERIGH. T
7o bR EECRIK O RS
BEEFTHD, b5 —Di. &M
HFEEORBETHD, HxOE
BRTIX, AIBEDORHEZE R Tk
ZiToTh, BET D779/ %
RIADEIZKREREIZR N2 ]
2l BEICOVTHE, Figl i 00 03 10 1.5 20
RTERIC, 0.8wt%Lh ED Ce™iR Ce’” concentration [cm'3]
THEMRMEME(L L, PL MEATAY  Fig.1 Integrated intensity of PL spectra of
o, BERREICED L. CeRE S@?Qféfd? vsaés ngnvce(f\\trta)zgg) e 248
2 0.8wtBhEl ETIX, FRFICEE
DR —REEN AL, £z, [WEBREMLTWe, ZOL52fFEREFD
77w AV FEEEBLOERFERTH 2, FTHRAZARIZ, Bxid
ML T N, ZOREDO—DoTIERWEE 2, UTOEREIToZ,

o O A band
B band

PL intensity [arb.units]
[ ]

3. ARG
CaGa,S, DRiFHDE% x=3.90~4.10 L £ X T, FERSITIZ LV ERDOZEAL
ZRIE LT, mERGHTOREHI, /}iggb%‘ﬂ 03g 12725 £ 9 Ca, S,Ga,S,;
ZFFE L. 7mm ¢ X40mm DA FEIZ

B0 ' : ’ 1 EBZEHEALKL, #IFEIZ 1150CE T,
i 2°C/min THR., KR S# T -7,

B0y ; o % Fig2 ITHHEMM x CHTERADE
[ e bRy, FEOMMEILY ER
§120 | soichiometry | HE(x=4.00)0> BT B L @ AITHD
g o 4 +5, Er. ZOBOLERNER
1110 § 8242 ERENE . BRI
§ W o T, BREDHMR x & 4.0

T o T R SRR EE
Sulfur composition B, ZIZTmRLTEREROMIE., Al

EBOERMO S D TIXRL ., A

Fig2 The variation of the melting point of :
% © variation ' the METIES PO 0% B R TH B, L EEL(x=4.00)

CaGa,S, against sulfur composition x by
means of the differential thermal analysis.
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LV BEMRIIFERTICERYVAENT, i, LFEREKTEEL T
WaBEEBZHNB,

L&Y DERRBRIZBWT, FTxid, Bz KE, TR-oTnaizn, M
R TNAIERLID D, ONBOEET, (LEMTOMBEOEBENK
DL, BEBRBOTZ2OTERVNEEZOND, FIT, MADERLF
BEambt £ @FNC UMk b BEERERE 2R A7,

4. BEERRE
EROERICHE ., R EE
WZIRE L, BREEmREEIT R -7,
T3, LFERMBK T Ca, S, Ga,S,
PEEENIgERBLOFEL,
DRNZ®HE L= HEE AV, s
DEKEZHIH L TlbEz &Rk
L=, BREOIEMIZ. WMH
Zi@BFEIC (x=405) BRE L. h—

‘ ‘ Fig.3 Aphotograph of asingle crystal of CaGa,S,
ARy AR— b EIZEE, ZNEHBHE grown under the excess sulfur composition. The
. . . 9 -
I Z BB A LT, mesh size in the figure is lmm X Imm

HERKRIIKET ) v V=
EIZL > TITRVW, BEEE 025C/h TER&BE 1135CE Lz, Fig3 1%
bNTHEROEERZ T, INETOERIEICHLR, EaeAnESHT, 7
Zvr, [i@BnMzontz, FERERERGBESIZ. RHIZERL. BEST
HHZEERLTWD, WEE
TOFERITHA BRI K
<, mERMRERSNE, o CaGasS,
D Enb, FBEEREBLTW
FRRERO—> & LT, MEMARD J «=4.05
B REToNG, N Sy -
Bon-FRomE X BBl
F—% % Figd -7, P
X, {LFERLETER L 7=fE& 0

MAREFRLRLCND,  Zh Y T

A,

b0 X BMEIIFTERENS ., BFTEE Zod'ff 40 1 2h60 ; 80
2RSS & a=20.14A _ b=20.11 iffraction angle 2theta [degree]
A, =12.14ATHY | (LFEERL

< 1y . ok B e g Fig.4 X-ray diffraction patterns of CaGa,S
TR L &R T ER grown at the composition of x=4.00 (bottom

side) and x=4.05 (upper side)

[arb.units]

_Intensi
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(a=20.11A. b=20.08A. c=12.13A) XV 0.1%EML TWB, DI &n
5. BREICHELZRES L CER L - BEEREIT. MBEEHAREE Y | B THEN
MLz EZX N,

5. &9

FxiE, CaGa, S, HEMROBREILE BIE L., TEBRDITIC L » THEDHR
PEZ TLEY CaGa, S, DEEZF-,  ZOFRR. WFEMARN x=4.00 X
NWINESL B L, (LAEYOBENRED L, R LELI 2oz, —FH., Hi#
HMEkE x=4.00 LW K& T DL, BRIFIMLFERLTEEIMET S EHIC
b, FTIT, ZOFREZFAL CHRRZBREICEML, BRERBEEROE
Bl Lz, E£72. BRTICHEZEAT I HED—D L LT, BLER
HD, ITITIE, BOBICIVHRREZERETICEATIEREZRALTZN, &
EENHBINAD Z EiEhnotz, T END, AL, (LEYBEFEL
TWB L EXIZOHRBIIFERTIZRDAEND LEEZ NS,

R X REFEN S, FEZBRIC L TERIL 2% T, B EEssm
L. 72, EFBRO¥ERGED Lz, ZORER»LbL, ZOBEFGHRIT. 2
NETOERETEONEZERLIY VERETH S LW TE 5,
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IOV RAEEEIT LD CulnSe, BED ERL

Preparation of CulnSe; Thin Films by Pulsed-Electro Deposition

RREARF T
HEARES, RBEMF, =HEZT

Department of Electrical Engineering
Tokyo University of Science

Abstract CulnSe; thin films were prepared on a Mo substrate by a pulse-plating
technique from aqueous solution, containing CuCl;, InCls, SeO; with the pH adjusted to
1.65 at room temperature. The films characterized by scanning electron microscopy,
energy dispersive spectrometry and X-ray diffraction. Heat treatment of pulse-plated
films under N; flow resulted in the formation of CulnSe; with single-phase chalcopyrite
structure.

1. iZL®ic

CulnSe, IZT KFGEME /L OXRINE & L TR HIFFTE 2L EEMED—DOT
H»B, CulnSe, TEZEAFIE, ANXvFiE, ATV —ER R RAFETIER SN
TWBN, BFEEFEIX N TREBEDRES THD LW ATRKERRARHIE
TH5D,

BREFETIZZL Db, = bEMBEBMEFIEIZ I VIERIENT
TN, RN TIERL . RERENEBENE WS HXBORKERRH D720, LU
EoXRBERRLZ2TIUL, EEORK@E(LITED 2V, /i LK ASZ27RT
B, BAIZEIMELEZ SNV RRIZLEASVABEREEZRAWA Z LITL- T,
Sn0,/glass E#R EIZHBWT, EBMEEFEIC IV EONERK L Y REKREORLF
REBENELND Z & ZUBNIHRE LTV 3[1], CulnSe; BOEEEM & L TIX
BRARERIZBWTHREINLTWVAEN, ENODHELY Ay, Ti, Mo, 8L VNI iE
CulnSex 1Z% L TIEWEIIEZ/RTE WS Z ERBEIN TS, LAL, Au &
TIZE LTI T =— VIBRED EFITFE 5T, CulnSe, ~DILEIMA K E V23, Ni &
MolZZ N B DE/MZE L CTA— oM EZ/RT, ITF., Mo IE@PEXRBEMD
ERELTESHWENTWES,

ZZ T, ARIOHFIZEB WV TIE, CulnSe; & DFREIZBWTEWETIELZR L A
— LM E R T 7 OICEERBERDOEROZOIZAV LN TV D Mo HE4R
Iz V2R EEFIEIZ L > T CulnSe EIEDERZ1T 5,

2. FEBRFIE
JEEHE LTI 0.1M CuCly, 0.1M InCls, 0.1M SeO; Z AV, CuJR. In YR, Sei&
DEEZENZEFN4 : 510875, R1LICEBOMMRZ T, 7/ — NER
ELTPtIR, YV — RERRE LT Mo ERZE XA &, #MAREEEEL 3cm, & L
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77, Z2RREMRE L CIBEMEOEMGSCE)ZAW., Y —REBMEZRT Va3
Z2EZy MZEXVHEIBE L7, BWOKRIRIZ 25C, pH % 1.65 I[ZFR%Z URIET 138 %
To7 ., BEFMZ 30 oME L, Y —RIZHMT2E LR —04 »5—09 [V
vs. SCE]D&HE TENI® D, THHMTEZ VR EREEZRETLIRMEL LT
PNUVZBETIE3 ms]s Ta—7 4A—HF A0 01E33 % TEELZ, ZZTT
2—T 44—V ATV IT IV REFRE & (VAR + UL ZKIEBRRD) DL & L
UTOE S ICESET 5, .

_ on-time
Duty cycle = on-time + off-time 100

UL EDSEMHET as-deposited TRDIERIZATV, B Y — REBMOELI ETZFFD as-
deposited R D In/Cu HIB X TN, SeMetal SbZBIET D, £/, IV — RENLLD
—0.7 [V vs. SCE]DFFIZIF 6 #1172 as-deposited &% N, flow FTT =—/L 35 LiZ
£ > T CulnSe; BIEDFERILZITS, 7T =—/VEf%Z 30 /5. 7 =—/WRE% 300
~500°C DA TE L S &, 50 - Eh oMkl X O EFMmZ1T 5.

3. BERBIOEBE

3.1. as-deposited f& D {EHL

212H Y — REMEZEL ST & D as-deposited RO EZ RS, Y — K
BALA3-0.4 7>5-0.6 [V vs. SCE] {28V TIE In/Cu kb2’ stoichiometry 72{ED> H IR &
<BfAL CuidZ L 72 > TV A28, -0.7 2>5-09 [V vs. SCE] {23\ Tid In/Cu kb3 1
DWW TWD Z &R0 D, SeMetal FLiZBI L TIE-04 226-0.6 [V vs. SCE)IZ
BWTE Se 2 TH D23, -0.7 2>5-0.9 [V vs. SCEliZFV N TIX Se/Metal LE3FI 1.5
EWIOEER L D, ZOMEIFHET stoichiometry ZENSIXT I TWAED, Bk T 5
FERPDHOND LT =—NV1RIZ Se BIRITAZ L EZBE L TH Y — RELH
-0.7 [V vs. SCE]® as-deposited 2D 7 =— /L Z1T\\, CulnSe; DiEra{bIT > 72,

3.2.7 =—/WIZ X % as-deposited FED FEda{b

3 |Z as-deposited TED 7 =— VRIZIZ BT 2 X REWFHERZR~T, ZhkY,
as-deposited & CTIIMERIEBI R TERVWRT=— 1V Z21TH>Z LIZ LV CulnSe; D
FEERERFIEETH A Z LR TE 2,

F 72X 412 Y — RENL-0.7 [V vs. SCE] THUIEATT > 7 as-deposited fE % N, flow
BT 30 BT =—/VLIZREDT =— LA#IZ31T 5 as-deposited MED LA % 7R
T IHEY. T=—MBEOEMRIIK LT In/Cu tLiTiZiZ & A L BB R b0 72
WS, SeMetal tLiZ 7 =— /VIBE D EFITHOVRE RBOPHER TS, T,
7 =—/VHIZ as-deposited IEF D Se WP L TWNWB7DTHDLEZXOND, %
2B 5 12K 4 DEDOT =— LV EOKD X REFE—27 2R3, TNEY 7=—1
BEEDS 300CA2 5 450°CE TIRRED ERIZH - T, BEARD CulnSe; fadk DRKE DS
MRTE, BED LRI TREAMEOR L3R TE 203, 500CIZH W T
In;0; DEAADBENT VD, ZHIIH 4 OO ORERLDDETEZXD LT =
— VIR 500°CIZHV\ T Se DD K E <. as-deposited BEDFHRL A stoichiometry
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RENPORESTNTWEZENFRRES 2 61D, 6 \ZH Y — R&EA-07 [V
vs. SCElIZCEBWVW T/ REEZITV, N, flow F T 400C, 30 7 =—/V L7
CulnSe, BEDOWiHE SEM %R~ d, T LV —HRARBERE T, FEREREZ FF BN
BoN=Z L MR TE B,

A
4 U=pi]

S EIOHREIZIBVNT CulnSe, #EIEE Mo EAR EIZERICBW T/ ULREBHIEICE
D HEFESH 7, £ D as-deposited [E T =— /L35 Z LIZL Y CulnSe, DML %
R T, £, 7T=—JVBEIZEE L TiX 450°CLL FIZF VT CulnSe; #EED
XRD XF — MR TE, BEO EFIZHEWFEREOR E03SHER TE 724, 500C
IZBWTIHEAO Y — 7 BB TWS, SEIO|EIZE VT 450°CLEL T ORI W
T 2 OO REDOETCHONEBROFEZ T2 &, 7 =—/LiRE 400C
IZHB W THER S stoichiometry 72#ERRIZUT <. FEdEMED KW CIS EESHFEOLNL Z &
R LT,

23 K
[1] S. Endo, Y. Nagahori and S. Nomura, Jpn. J. Appl. Phys. Vol. 35(1996)
pp. L1101-L1103 Pt. 2, No. 9A

4
7/2 ——In/Cu
/3/_/5. % ----- % Se/Met
(=] 3 :
=
o 25
% 5 e
. e Y
=k
2
j(i*—c/

04 05 06 07 08 09
cathodic potential [-V vs SCE]

Fig. 1. Experimental apparatus for depositing Fig. 2. Relation between cathode
CulnSe; thin films. P: potentiostat / galvanostat, potential and composition of the
E: saturated calomel electrode, C: cathode, A: films.

anode, S: solution.
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Fig. 3. The XRD patterns of as-deposited
and annealed CulnSe; thin films.
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Fig. 5. The XRD patterns of the deposited

films, annealed in N, flow for 30 min.
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Fig. 4. Relation between annealed
temperature and composition of the films.

Fig.6. SEM micrographs of cross
section of CulnSe; thin films.



DESe |Z % 5 Se {174 AV V- QuinSe, BT/ ERE UNSIEETH

Use of diethylselenide for preparation of CulnSe; thm films by selenization of metal precursors

SGTHIROR A D200, IR LR T, BOGUHRLER 22 T2 2
AFRL, LA S A TEL HCIRERA, ZReRHEC2 . FRPRASE. RRAQER L2

Abntract

A less-hazardous and low cost selemzation method for the preparation of CulnSe; fitms was demonstrated
using diethylselernde [(C,Hs Se:DESe] as a Se source alternative to HoSe. By using N, as a carrier gas,
potential H, leakage was removed. The structural and optical properties of CulnSe; films were charactenzed
using EPMA, XRD, SEM, and Photolurminescence measurenents. We found that the gram size of CulnSe,
has mcreased and the fraction of Cu-Se extra phase has decreased with mereasing substrate temperatire.,

LIZE®IZ

QuinSe, LATCIS) 13, MAUFED IR E L, RZSEPE - (KR MR ASEE ML
LTEBESITRY, £0O7 M ZAOKERE NI /72FEeL LT Se {REDSSHGIVTU VD, Se
{EETIRET HoSe & Se {72 & LTHVYTUVASDS, HoSe IXTLV 23005ppm L AR THI |
FEREA ANTRESILTU VD, 1> TR D& F L #FEDH DD LV S RFESR
W5, —H., FrODBEL TS Se{ETIL, SeTRIZHIR - BIE CADEREE THS
DESe{(CoHspSe:DESe| 2 v YO 5728, MEEfafimiftn st | R Tl A U T
ZAWBFCLY A, L0 EERT o REFFRCTE D, FZTANFE L DESe Zfl V-
Se{HEEMELI T HI2DIZ, Se (WIFDEARREZ I LS, ZORE I N TRET - FHl L7z,

2. 3B

BEZSRAERZEY, Quin=10 D7V H—VEH EFEA=07um, B=10um) Z{ERL7-
DESe % Seifl, & ¥ VT AL L, RFENIZI T Y —H BAROIRE% Sanple 1
13450 °C, Sanple2 1$475 °C, Sample3 1£500 °C, Sanple4 (%525 °C, Samples 13550 ‘CE%
{ESHT Se kA To7, AERFEIFET60mn THA,

fife L7< CIS #is xt LC, EPMA, XRD, SEM ##22, PLEEATTV FHlEIT -7
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3FERBLUEE

Table.1 {28344 EPM A JIEZ & AREEMTHERZ 7R 37, Se (%D CIS EHRODMERY T4
({ZCQurich Tholz, Zhud. 7V H—HEREREETIRLL QO 5720iZ, FIRERIZR
T, PV H—Y3Se LAULNTARNAEFN NG In HVERE L C LE S22 EEZ 6D, D
Cu-rich 72 CIS BTSN D & EZ HNAT-80, FEHIZ CuSe DEFEIFRL S TD ARE
HRHD LEZ BB,

_

1 0.82 0.69 123
1 059 233 101
1 047 0.87 213
1 074 1.73 135
1 135 245 0.74
1 039 204 L12
1 0.63 133 159
1 0.83 - 121
1 0.68 162 148

Tablel.Result of the EPMA for the thin films after selenization

RICHER LTS R EIORS R T85O0 X BRI %4757, Figl (27—l
0.7 um DY 77 Sample A) % Se /L. U7=FER Fig2 1277V 7—YHEZ1.0 um DY 771 Sanrple
B) % Se {LL7=fER A B4R, Fgl D500 °C, 525 °C, 550 °C. Fig2 M 500 ‘ClR\ v Thl
2 T4 MEERFRD (103) mZERS RIS =2 & L0, Iva - T4 ME
Y& CIS BB L= & &2 3D, Figl 1450 °C.475 °C., Fig2 M 450 °C. 475 °C. 525 °C,
550 CIZBNTUL, W= T4 MEELRIET 5 Z L13Hpkied»oi=n3, ZFaBiko IS
\CER A eI hERIS N, 77, —EBCu-Se DR AR AERTRLEIIE L, ZD
(AW Y, EARRED EFZAA N D LA 2 L2%53h35, Tabke1 Sample 3B OFAEY
SHRORERE BN Fig2 500 °ClsiT 2 X FEBRERA H T 5 & | Intich 1229 %057
Cu-Se DEARTHIR DEHFRISESAI Sz, ZAUL, 7V H—H MR ED AT ASRE Vo
EEBZBIND, [FHD7) H—HE5EILTROTESKRE LT 5720, RO ED
LINBHDHEEZ BN,
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A' Sample A i ] Sample B "_'_'_—
a — i E\E A
I F  § g8 58 e g 3
4 3 = ) —
£l . -~ &8 §& g8 | = ] = g =
> g = g2 288 — B I 3 2 = 3
fhde Sl T S EE 2 B B 2

AL ﬁ = 5 = | ~~s 550°C
= g .
E r.?)) s A A RESTC 8 b mose
2 P 5 ) 4 % T4 -
E X i Y It 5 E
2 f 4 @ b IO 500°C
) = 1
" 1 A 475°C = W
B =1 E Yyt o '/ -
i . i tosesrrad oo i X 4 50-"(: -

20 30 40 S0 60 70 80 55 30 4 50 60 70 80
20 (DEG) 20 (DEG)
Figl XRD pattern of CulnSe; (Sarmple A) Fig2. XRD pattemn of CulnSe, (Sample B)

SampleB1(450°C) SampleB3(500°C) SampleB5(550°C)

Fig.3 SEM nicrograph of the SampleB thin films after selenization

WIS LT CIS {IRDFERAEABES T D= 0012, SEM #iEZR4To77, Fig3 |2 Sanple B
DSe{HEDFIDIRAEA 71§, 5 SEM EGDH LETEEOEYN  CIS i) ok & Ty 2, Sanple
Bl GRS 02~03 im A, Sanple B3 06~07 um F2E, Sample BS T/ 1.0um 2
L, Se {URFDEMRBED FFHZHA N, FEESKE 72D Z 0¥ b, F7-4 SEM B
T ZEAB\ Y7375 Se { HFOEARIREED_EFH M N L QU VD Z EA%5735, XRD OfEFE L ff
BTEZRDHE, ZOSEM BTRIT AV ERDIT, CuSe DEMHETH S LHEHICE 5, FARRE
DOEFIN, Se {EUIHIBESTL, In DFEFFERDSESD W S 7zizb, FOfRERCueSe B
OB L=t & s,
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Figd |22 H60RBR R A 8L
R 2PL 2~ MVESRT, BIE
1500 1400 1300 1200 77K TV, AR HeCd L—
R ] Y442 mm) 2 Ve, UERER
| selenization at 525°C 7K 235, 0976V FHMYREH—T 7+
- He-Cd laser A=442nm 1 TRIETHERT B EEZ LA
i Fetts VSRRl N7, DESe & Fiv V=
SefBHIZIV VT H RS CIS
ESILTQNDZ L¥h3B, Lo
L7Rse, ZZ TIRSAR S, 5
] DRIFEEDS A RA X242 R UG R

— ] EPIFRRBIL T, CuSe

o PHOTO?\igENERGY (;i?) fep a2
FIDERR STz, DT EDD Y,

Fig 4 PL spectnum of the thm films after selenization Se {HLIZ/BLNS CIS JBEDiEE
measared at 77K ¥ - XEFRYAH I —HHER
B 31 RS Ol

DEETHDHZ LHNDD,

PL INTENSITY (arb. units)

455K

DESe Z i = Se (AR LY . SHEBIRD CIS EEAHRE 5 = LMk, Sef{tAFOEHR
BEDYS< 725 &, FEBRIIRE R AERRSI-, L, Bl v SefHRERT
B VFDMFE LV, Ko, Se (HFDEARBE RIS, X572 250 BERAIERIWE
LEZ NG, F- MEttoTh, FROEHES, EFOEESPEEL 7 H—Y o
1280 CIS BREOENRESND EEBX LIS, LT, Culn 7V H— 524853
BE3H5,

1) SE Chichibu, M. Sugjyarna, M. Obasarm, A. Hayakawa, T. Mizutani, H. Nakanishi T Negarm, and T.
Wada, J. Cryst. Growth 243,404 (2002).

2)T. Yarnamoto, M. Nakarmura, J. Ishizuks, T. Deguchi, S. Ando, H. Nakanishi, and
SF.Chichibu, The 13th Intemational Conference on Temary and Multinary Compounds (ICTMC-13), Pars,
France Oct 14-16, (2002) P2-37.

3)M. A. Contreras et al,, Thin Solis Films 361-362, 167 (2000)

4) Kushiya ezal Jen. J. Appl Phys. 34,54 (1995)
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SxFreVvryEFRAWEELALEICL S
CulnSe, OB EIBEDEE

Observation of the growth process of CulnSe; film by selenization using diethylselenide

RRBEAKRFATIERY EArRERXZEIER?Y HWERFYRETFER Y
DpRTTE 3 RS D AR
DezigfE VOB DhEAE VBRRQER
Department of Electrical, Electronics, and Computer Engineering,

Tokyo University of Science”

Department of Electrical Engineering, Tokyo University of Science”
Institute of Applied Physics and Graduate School of Pure and Applied Sciences,
University of Tsukuba®
YMotonori Nakamura, YTakashi Yamamoto, "Jun Ishiduki’,

2Shidutoshi Ando,"Takahiro Deguchi, “Hisayuki Nakanishi, ¥Shigefusa Chichibu

Abstract CulnSe; thin film was prepared by the selenization method using
diethylselenide[(C2H5)2Se:DESe] as a Se source. To investigate the growth
process for the selenization, the sample which has selenized imcompletely
was treated with KCN-etching, and we found that CuSe phase plays an

important roll on the growth of CulnSe; films by the selenization.

LIZIL®IZ

CulnSey,(LL T CIS)RiEB ARG EM O KmELIZITE L ALERNEDITHS Z
EBHMOILTND, LaL, — MR E L AiETE U RIZ HSe 25
WHENTWD, ZOMERIAKIZEFRIZAEETHY 1 OFHBTRETHLHZD
RYFRRETHD, 2T, HLIIFERTKIETH Y HySe I[TH~EY &
WK S TH D DESe iICER L L i ALEITV CIS D (B IZ AL Zh L 72 V2,
L LZDOREBRITEEHEAL WO ARVESHE N, £ 2 TAMETIIRE
2 2L X ¥, & L ALK EBROBES1T- 7,

2.EBRFE
AEBRTIIDESe DX ¥ U7 —HREL TN KKETFT TR L ALEIT 72,
ZU A —H1E Mo EDRFEHREDTZDIZ Mo EIZ Cu ZHERE S B, L1k
L72BRIZ In BERET 52 L 25 <A Cwin/Cu FEBHEIEIC LT,
L AED R IREIREE 530 °C. DESe fi#3/£7 0.3 Torr, FRERFEIL 1.5
Bl (Sample A) & 0.5 FFfE(Sample B) D DD FKFIZ TR EZIT- 72,
FHME ISR XRD, REELEZIZIE SEM 2 V-,
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3HRBLUEE
Fig.1 {ZRERFFR 0.5 BFfE & 1.5 BFB D CIS D XRD HIE DFER 2RI, 1.5

B 21T o 72 ¥ > 7/ (Sample A)iX AV 3341 Z 4 MEER H D CIS B3R
BETETWAENDNS(Fig.l(b). SEMIZ L DBEORKERD S B Sample A 1T
3um BED T LA U SR S LTV B(Fig2(b)), —H7 0.5 B E 21T o724
> 7V (Sample B) TiZ, CuSe F D EHEMRER 7z, (Fig.1(a))

112)

(204/220)
(116/312)

@

XRD Intensity [au]

1 L
20 30 40 50 60
26 [deg]

Fig.1 XRD patterns of CulnSe; film
for growth time (a)0.5[h];(b)1.5[h] (b)1.5[h]

FEREED 7Y h—HIL ENRIGEEIND
ERRZITCu & M BHFEITRS VAV, Culn
REMORELR S LR sNE, ZZT,
BH XN CuSe EM(Figl@)NEDL ST
PHLTHWBENE, Q7Y H—HERET Se &
FIGLEBDAIITHM LTS, b LLITI@
BRI FEMIZH—HRIZ Se & S LIREKRIZHOM | L .
LTns, &b\ﬁ—/)@}%ﬁfﬁ%ighé Fig.2 SEM images in a surface
#Z T, CuSe BHHOLSMEHRHD
KCN LB A fE Lz, #EREZLUTIZRT,

XRD "NZ—2 6, KON =y F
JRii#% C CuSe & CIS IZERK T 5 E—
7 DR REIIREBE TH L L
V% 5 (Fig3), Figd 2°6 HRIFEDO K X
SIZERITBENA TV RN &3 h
1 5, ZOfRERMDG, CuSe IIFRMIZT
WWW WU 0 Tl AL TS &
m m w — X4, DESe 7> O fFHEL 7= Se I3 E

Fig.3 XRD pattemns of CulnSe; film PV EIERPE CIRE FMICHB L TV 5

(a)with;(b)without KCN treatment LEZLND,

(112)

XRD Intensity [a.u.]

(a)
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& Z AT, CIS OREM R EIETH D =B
E T EARREE 523 CUL_EIZ BV THEHE CuSe
2 LIRENKRRILICES LT3 EHE
EhTnwa Y,

AREEIT 530 Tl TIThhTW5b A,
SampleB (233 THEB S 4172 CuSe 1FREH .
BHROREIZHD L EZBND,
PLEDFERDS Sample BT RIBREIZH D &
Zz b, REBEIZBVT CuSe BHEMNES
KIZH D LV D Z EIIREES(KT CuSe M EIT
L7z CulnSe; BEDOKENTHOILTWD EE X
Bs

(a)with KCN

(b)without KCN

4.F¥L D

HAH#4LB DESe # L VIRE L=tk L AvbiE
PRWTAHNaANAL T4 MEER DD CulnSe,
BEOMRIZKR LT, REREICHLY T
V% KCN JE U 7o/ R, BE2KIZ CuSe AN
FELTWD I ERMRINTZ, 20k L 1L
EIZBWT, 2K T CuSe £ %I L7z CulnSex BIROENITHNL TV 5
EEZLND, LL, AREIZBWTZ U —H% D Cu/ln tbOHIENZ AN
HY ., ZD7=H Cu-rich ({277 h—HVE2EL AT HZ EIZEY CuSe
BENPERINTZE WD AIREELH D, SRIZIVEER 7Y — VRt D
HEEZIT > LERD B,

BEER
1)S.F. Chichibu, M. Sugiyama, M. Ohbasami, A. Hayakawa, T. Mizutani, H. Nakanishi, T. Negami,
T. Wada. Journal of Crystal Growth 243 (2002) 404-409

2)T. Yamamoto, M. Nakamura, J. Ishizuki, T. Deguchi, S. Ando, H. Nakanishi,S.F. Chichibu
ICTMC-13 P2-37

3)J.R.Tuttle, M.A.Contreas, M.H.Bode, D.niles, D.S.albin, R.Matson, A.M.Gabor, A.L.Tennant,
A.Duda, R.Noufi Journal of applied physics 77 (1995) 153
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BHRBSMREB LI DESe # AW L ALEIZ LD
CulnSe, FBE D ERL L 57

Preparation of CulnSe2 Thin Films by Thermal Decomposition of Metal-naphthenates
and Subsequent Selenization using Diethylselenide

RAEARE TFR ' # FH - ABATER’, RERFMETER
el R 2 LAY HOIRELS rPPRARES BRACHEIEY 2R

Faculty of Engineering', Faculty of Science?, Faculty of Science & Technology”,
Tokyo University of Science
Institute of Applied Physics, University of Tsukuba®

Abstract CulnSe; (CIS) thin films were obtained by Cu-In precursors, which were
prepared by thermal decomposition of metal-naphthenate by selenization in Se vapor
using Se element. However, CIS thin films obtained by selenization using the Se
element were not much good. Therefore, the selenization technique using DESe in the

preparation process of CIS thin films by MOD is expected in crystallinity improvement
of CIS thin films.

1. ITL®IZ

JNaARA T A M CulnSe; (CIS) X, TV 3o & il U CHRIEREDS 1 X
10°em™ FRE L BER O KEFEMAEI O FTIlIR/R bR E W, B ARSEMIZE
LTW5, F7z CIS BERGEMIL, XHERD2R < BEHRE X OFHERIZ
Ltz DL, BERDERE N ENLKREROKGEME LTER SNTND,

AHFFTE T, CIS B A EMO BFEME K2 X MR TOKEE(LD BT,
FRERE L TH 7T UEE Cu BRI 7T VB In 2 AV BhBSMEIET
Cu-In precursor ZE#{ L, Se ;TR Z VT SefbZ i L CIS R DOIER 21T > T
(1], LR 6, SefklZ Se tRAFRAWEFETIIRE., B, f&atkD
B\ CIS BIENRE L N7en o7, 4, diethylselenide [(C,Hs)Se: DESe] % AV 7=
Se fbiZ XV CIS EEDERNTTOI, BtEDORWEREZE-RENRINT
WB[2], &2 THA HBMEASHEE L DESe 2V 7z Sefkiz X 5 CIS BIED1E
AR LT,

AT, REREHREB/I D, AREBEL AW BHRBSMEIEICX
Y Cu-In precursor % DESe {Z & » T Se {bZ1TV . RERAFDHEIL & £ DA A
2OV TR Lz,
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2. EBRFE

Fig.1 (ZBMBLFHEIZL D CIS BEOIER Yot X 2R ¥, ZEARIL coming
7059 glass Z{FMH L7z, CIS#EEOIERIL, FTHIDITST 7T VBECuB I N
778 In % Cwin=1.0 TFFE L., IRIZHFRNRMENZ > 7% VT L, Bk
FOEBEOAREL ERMEABSRT HZ £IZX Y Cu-ln precursor % {ER
Lime ZD& &, BOMERIFEENS DEE H—R o 2572912 0, F TRE(L
ROt % HE L | Ff% |2 precursor H DOEEFR 2B T S H 5 72 DIZ No+Hy(10%) H TEUL
HEITo7c, £D%, DESe AV TIEE L7= precursor % Sefb &5 Z L1tk
ST CIS #BEZER L7, Se {LITUTOZRBETITo7, ¥ UTHRIZIE N,
T A%EFEA L., DESe & ZOIMEIL 2 O/min & L7z, Se{LBFMIL 1 BRI & L,
Se {LIREEIX 490°C, 510°C, 530°C. 550°C& L7z,

3. MEBIUER

Fig2 |Z corning 7059 glass £ T4 72 Se {LIREE T Se fk L7z CIS D X-ray
diffraction (XRD)»X%Z — U &7~ d, ZORKEER, £KFIZ(101), (103), (301)72ED
ANTNRAL T A MEERFAOTEE CRIPTRENE SN, Fiz, CIS I
Se fLIREE 490°C D LLERYKIREE D G R R TE . 550°CEBRITIT Se fLIRE & <
72 BIZONAERMENRM L35 Z B aho T,

Fig.3 |Z coming 7059 glass EIZ{ES L7z CIS EED ZNEN DOREIZE T 1L
#fﬂﬁitt%ﬂt‘ﬁ" Z OFESR. precursor DALFHAELLE T 720D Cw/in 1, IREIZHK
FET, EERAMAFA AN —RETH -7, T 5D precursor {Z DESe %
T Se ﬂi%:ﬁ 5 & precursor & Ak IRE DIKIFMEITIR b1 722> > 7243, Cwin
1209 &7V Intich & 72577, T, SefbZEMT Z LIZLY CuSF TLE
STl EBEZ NS, F72 Metal (Cu+ln) & Se DLFHREL T 72305 Me/Se
%, 08 TSerich &2V, ZZ CHEREKFHIRONZ- T,

UEDZ &6 | ALFHALITIBEIZKFE T, £72 XRD /¥ —2TiE Se
{LIREE S30°CORE, AL a A T4 NEFEROAFHAZ R LBAHFIIRL TNHZ &
MRERB S L7z,

Figd |2, AR DOFERZ B E 2 BE % 530°CIZEE L. 30, 60, 90 min DRI
F1F % Corning 7059 glass L TIERLL 7= CIS 2D XRD NZ — V&R T, ZD
FER. 30 min OFERFHIT CIS EIED AR L, F 72 Se (LR K < 72 512 D1Lfs
mENRmELTWS Z & BahsoTz, LHL7AR255, 90 min TiE InSe D EFAA
Roni, LizRn-> T, Bohiz XRD 7% — L Y 60 min 23 & IE 72 BB &7
EEZEx2bh5, B {K%#ﬂﬁitb@ﬁ#ﬁaﬁf&ﬁ@ 17O 6313, Cwlin(precursor),
Cw/In(CIS), Me/Se btk b ATR DK % Z2IBREIZRIT (L FMALD Se (KIRE
530°CORF L 1ZIER TENHFE b7,

UEDZ &0, EiE Se {LFRFEIIX 60 min TH D Z & DSRER I 1177,
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4. CONCLUSIONS

BRIARAZX+x T HAL TS DESe #H\ 72 MOCVD TODii#E Se {b5&:M4%
FLHDHLERDEH 72D, coming 7059 glass £ T CIS #EEZ (ERLT 5 £ E Se
{bZ 1%, XRD, {LFEHMARDHT OFEFD SIRE 530°C, F¥fH 60 min 258 L TuV»
7o FOEED SEM IZ X HEMEE% Figs5 IO Y, EENOKEBED & 136
BB TR, TERESEME Lz 530CIZB N TH TNV ARRIRITR -
TWRhotz, 5%, ZOMEZ AR L. Mo/glass ETX Y BE7: CIS #iEK
PBEEMAIERT 5 Z L 2ReT 5,

S E R

[1]S.Ando, Y.Asahi, M.Shimizu S.Okamura and T.Tsukamoto, Inst Phys. Conf. Ser.
No.152: Section 4: Crystal Growth and Characterizaion, p.353 (1998)

[2]S.E.Chichibu, M.Sugiyama, O.basami, A.Hayakawa, T.Mizutani, H.Nakanishi,
T.Negami, and T.Wada, J.

Cryst. Growth 243 (2002) 404-409

Qu nauhthenates) (In na:l:t—lltenates )
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in0; | J

' [ ostdoron ] \\ju. A e

in Ny+H, gas ' ! L\ ch
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<< CulnSe, thin film _—> Diffraction Angle 26 (deg)

Fig.1 Flow Chart of preparation of CIS thin Fig.2 XRD patterns of CIS thin film on corning
films by Metal-organic Decomposition. 7059 glass prepared at various selenization
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Chemical composition
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Fig.3 Chemical composition of CIS Fig.4 XRD patterns of CIS thin films on
thin films on corning 7059 glass corning 7059 glass at various
prepared at various selenization. selenization times.

@ (@)

Fig.5 SEM photographs of CIS thin films on corning 7059 glass by selenization
at various temperatures.

(@) 490 1)530C
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FHIREZRBICAVV-ZRRSMBEIZLS CulnSe, BEOHER
~BE-ETEICL D CIS BEOEREDOH £~
Preparation of CulnSe,Thin Films by Metal-organic Decomposition with Oxidation-
reduction Process

RREAAT - T2 - B HHlE*. SIS, Ziar. Sk
Tokyo University of Science J.Miyachi , N.Takayama , S.Ando and T.Tsukamoto

Abstract We prepared CulnSe; (CIS) thin films using metal naphthenates by
Metal-organic decomposition. Previous to this, prepared CIS films have problems of
crystalline depression. We considered that it is caused by contamination of residual
carbon generated into Cu-In precursors. So we introduced oxidation-reduction process
to prevent residual carbon and we succeed to improve crystallinity of CIS thin films.

1. 1T U ®HIZ

CIS IZHRMPREMNRKRENZ 0D 1um BEDEE THRL KB EZRINT
T, BNRKEBEY o X TERITE S, £, BHERLABEEmE LTHWS
T3 Si RARBGEM & b, KHIER 2N &0, BRBIENRES N &0
5, WEROESZIFEREEMELE L THEBINTWS, BHIE, CIS REMEX
PR E MDA RIL 19%IFZEL BBy = VA, o — A v XY —F —%k Wirth
Solar GmbH T 12~ 13% D EBNE CTREIZFE ML S TW5, ITFE b,
CIS #BiE%, ARESRBREZENCAWZBHAASMEICLIVIERIL Tz, B
RS FEIIRRLE T CRIER ATEE/: = &0, KEMEL TH— 2@ EMER T
., MO THEAREEZRWAZ LG, CIS REBRKBEMLO KEEL, &
PE(L. BRAPED X MEXHIETE 5,

IINET, bbbk, BREGREIC L VIER L Culn 7V A—H %,
Sefbt35Z LiZk-> T, CISEREZER L TE7%, Cu-ln 7 U 1 —H OIERLUT,
EWREICBH LEZT 77 V8 Cu BE W In DIRAEIEZ N, flow F CEG RS
L7z, LaLens, ZORGFEBRIZEBWT Culn 7V h—HFIZE D
HBY (FRlzh—HRy) BRAL., Se b d CIS RO REMEIMET T 5 JRE
ThHAZENnDholz, £Z T, Culn 7 H—HHF~DEEH—HR L Z2E<
2D, BORIRICEL L BILO T bR R EATEZZLIZLVRBER Culn
TV A=Y OERERLTZ, £/2, Cu-ln 7V A—V% SefbdTH5ZLizk-T
FEERMEO IV CIS EREZ/AZ L 2B X1,

2. EBRAIE

X 1 IZEB{Et—8c % & D AN BABGAEIZ LD CIS #IEER O FIRZ R
T, 7. T 77 VB CuBwit%)B L N In(Swit%) & 1:1 DE/NELLTHE, Bz
TV, Ay a—F—%2AVWTEREICEMT D, ZHIIRIARMAT 7%
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BB LBV M5, LIATIX, & 2T,
EREWRL Culn 7V h—VZERL
=, BBk T, BEERL
A LB RS S TEB L ZITV., £
%, KFI10%ZEOCEREFRLRDO
SRS ETCEBTEITY), ZOILRE?R
3 EEVIRTZEICEY, Culn 7Y
H—HEER L, RRICTIRER
\Z Se ;tHR & Cu-ln 7 Hh—HV2EZE
AL 550°CT 1FFfHE Sefb L. CIS #&
fEAERLL 7=,

@u naphthenat@ @ naphthenates)

Figl Flow chart for the preparation of CIS by MOD

3. BRBIUEE
FTUTUBERKEOBLRORSG R EMB DT, T T VB Cu, ST
TV In TNENEBLEL 7=, 777 VB Cu DHOBLIBE 2L+
el &, 4A50CLLETH—RUBBOTAHAZENFTR L V#ERTE =, £/,
XRD /X% — M6 S00°CLL LT Cu DBk — I BNR 6N, 777 VB In
DHDOBIBEEZENI T L&, CuRERIZ, 450°CELETH—R U B E D L,
In OEEEEIITE— 27 BE LR =,
INODOMRESEZXT, Cuk In % 1:1 OFENETRAI®EE Cu-ln IBREWK
DEEALBERZELSVRLEZA, 7T VB Cu. 777 8 In 2RI% 12E8E1{L
SHZHLORERIZ 450CU ETHO—R U BB L=, LAL XRD TiEF 757~
BE Cu, 777 VB In ZEBALS B2 X O B EROBYEIITY—2 255 2
ERHEK o, ZORRITEBRE
BEathTH D, LrLaens, +7
7 V8 Cu. In 2~ |ZB{LI®
FERNG, BbRBEIREIX 500CE
HRE LT,
WIZIBITCRF OB FEIBIE 250 5 7=
DIZ, B EIBE % S00°CIZEE LB

A CuO

o [71203
* Cuyln
(a)

Diffraction Intensity (arb.units)
f.

° o ¥ °
* ° d
TRER (LS ¥, XRD OfsEH il
5. 350°CLAF TIE, Ing0s DHD \Mmm_ .
O_ N o 1l Illllllll uuhm llllll[ll lll(lllll IHIIIIII LLil
FHFE—27 LR 672D 450C 10‘ 20‘ 301 401 - '60 '70

A ETiX. Cuplne OEIFTE —2 2574 Diffraction Angle 2 6 (deg)

Fig 2 XRD patterns of thin film precursors prepared at

b FOERIBES EITAIZL . In,0;5
b:{_l\“.bo e Cqung @D IE]?E to"—7 Z’)i%'*
biviz, #E-o TETIEEIX. 450°C

various pyrolysis conditions of metal naphthenates.

(a) Cu by Oxidation process. (b) In by Oxidation process. (c) Cu-
In precursor by Oxidation process. (d) Cu-In precursor by
Oxidation-reduction process. (e) Cu-In precursor prepared in N,
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LEMBETHDZ LB T,

21277 U8 Cu 2Bk, 77
VBE In B4k, Cu-In #B2{t. Cu-In B2
{biEZEBIL, ERFP TORSMHZ KEIR
BECIERL L7285 5 D XRD /3% —
UERT, RIZK 3 IZZDRED FT-IR R
X7 MvERT, Bt Blb-BxEx &
DANTZbOIX, BB —RUnEd L
TWANERF TRGEEI T2 H DI
T =R DNEE L TVW5,

4 13ER(L- 2T soEiR E TIERL L 72
7V h—Y% Sefb L THERI L 7= CIS #
fRe, ERPTHERLEZTY H—H% Se
L LTHERL L 7= CIS #ED XRD A~
N TH D, N; flow FTIER L7 CIS
IR CIS EEO AP mEm Ol B — 2 23
Ronwv, Lx»L., BBtz i
WABZ LIZk-T, AAmoEiT e —
I BRGI., FEEEORLEXNDND,
S5I1ZZ DD FT-IR A7 A TH D,
Befb-Bue 2D AND EERED—HR
BELIFDLTWAS,

WIZ, Bt—B T 7ok 2OBEEIT
27Oz, BELFF, BIUREOT A RES
ZF N ZF . 250ml/min. ~1000ml/min. £ T
ZA ¥ T CIS BEEZER L7,

6 ILEE 3 250ml/min. F TEE{L 21TV,
BTEICIIETY RME% 250ml/min. ~
1000ml/min. ¥ TE(L S TIER L7 CIS
HIED XRD X% — Th D, x4 2
B MEICBEFEN 2 IFIXRERIC CIS &
EoRFre—s BE LI, CIS BEZE
RENTZZ ENGND, BIEEEL RO
RS T,

UEDOFHERIZEY, BL-BThZiT%
HADOFEIZFEHRZ < CIS EESERT]
BETHDII ENThoT,
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Fig 3 FT-IR spectra of thin film precursors prepared
at various pyrolysis conditions of metal naphthenates.
(a) Cu by Oxidation process. (b) In by Oxidation process. (c)
Cu-In precursor by Oxidation process. (d) Cu-In precursor
by Oxidation-reduction process. (e) Cu-In precursor
prenared in N»
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Fig 4 XRD patterns of CIS thin films prepared by
MOD with various pyrolysis process.
(a) Oxidation-reduction process (b) Pyrolysis in N,
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Fig 5 FT-IR spectra of CIS thin films prepared by
MOD with various pyrolysis process.
(a) Oxidation-reduction process (b) Pyrolysis in N,



INODERIIEELZZERETIITo2EREN, CIS BIEIZ1 ptmOEE
DUETHD, 2T, BREZESTZDIZ, 2BEDOHIET Cu-ln 77U 1—
VEER L, 7. A TRRE LTEBEOAZ2BV IR LIEEAESC L, &REIZ
BT L Cu-ln 7V A—V 21ERFT 251, B TIEE L TEL-BozM&RVIR L,
REZE L Culn 7V D—H2ERTIHETHD, ZORFEELBEE. MEX
ZNFI 450°C, 250ml/min BICiRE., WHEIXZZFLZ4 500°C. 500ml/min. T
%, 713 AT, B L. N; flow F CTERL L 7= CIS #fED XRD /X% — > T
H5, AL, B LD XRD ¥ — %35 L, A LR TIZ. CIS BED
EHFE— 27 3R 64, CIS BENSERINZZ ENngrotz, L, B 1T
TIX CIS ORI — 7 2R T 5 Z £ KT CIS B/ I TV
WeEBbnd, ZO-RENL, BB rtRE LT, FRARFERELE
MELRYVIETZEICLIVEEZHOL, RRICEXLEZHBTHIETHD Z 0N

O, flow =250ml/min.

~
(2]
—
—
~

(112)

~
a g =
— NI ™
a = g 8 8 & &
() <4 = © a
N a < 8 N 5 o =
N o~ = o S - kL
19 S 8 a9 Noflow = = 8
=5 T 3= =
=
= ST N +H; flow
= 11 000ml/min.

500ml/min.

Diffraction Intensity (arb.units)

Diffraction Intensity (arb.units)

4 proces
10 20 30 40 50 60 70 10 20 30 40 50 60 70
Diffraction Angle 2 6 (deg) Diffraction Angle 2 6 (deg)

Fig 6 XRD patterns of CIS thin films prepared by Fig 7 XRD patterns of CIS thin films prepared by

MOD with Oxidation-reduction at various flow MOD with various Oxidation-reduction process and

rates of Ny+H , (10%) prepared by MOD in N,

(Oxidation tem. 500°C  Reduction tem. 450°C) (Oxidation tem. 500°C  Reduction tem. 450°C

\ N2 flow process tem.520C)
a7,
4. f&am

RO F 77 v BEREIIEG#MEEZ T & Cu-ln 7V A—HHIZH—AR DB
BEITHENVOIMERD D, TZ T, BMASFECEBL-BTEZEALE L
ZA, Culn 7V A—HEFOERBI—RU BB L, Tk SefbT5Z &1
IVEEZ CIS #EXEONTZ, AERTIZ, BLEEEE 500C, Brk#
WE 450°C L IREST. BRERF, BoThrl bI2, Fd A RMEITIIBERI 20
TEERELE, F. BEEER o 2T, BLEMELRVIRL TEES
oL, ZOBBETEM LT Culn 7V A=V ZERTIZHLOTHY, T5L
THER L7 Cu-ln U D —H % SefbT5Z LIZLWEBAEMNVINERER
CIS BENF 6T,
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A EKBSESNZNIRZ 7RI ProsCasMnO;. ;D
BEERAERICH S 1 I D KFBILE

KBUFAREL, * ALK S0
iAs 1, BB, JIIRE—, A/UfE— FEER

Department of Physics and Electronics, Osaka Prefecture University

“Institute for Materials Reserch, Tohoku University

Abstract Electromagnetic response of PrysCasMnOs.; at 34 GHz was measured by
a cavity perturbation method in the temperature range from 4.2 to 270 K under the
magnetic field up to 13 T. Clear anomalies of complex dielectric constants were
observed around the charge order (CO) phase transition of Pry sCao sMnOs. 5.

1. XUBIC

RO T AHA F Mn B{EY) RixAMnO; (R X 3HDOFLEA A /. A X 21ff

D7WVHaVEEHEAA ) & REV, . SEOHHEEZRFE., ZhodE
MIKEHE S T TEERESYN I RITEEERMETH %,
T, PrixCaxMnOs; 1 0.35x=50.75 &V S [EWEIFIC U T REERE TR (A
(AFDMEEAE & U TN S, T OKIEHIC/VTRES 2 EIINT % & st @B
FMDHIRT %, VO EZBERESIETT (CMR) $1EZRITME L L TESH
B TH B, TORIEE AFIHICRVTIRSEFO Mr*" & Mn*' 1% 5 ab
HN TES T 2 ERES|(COMEERT T ENHENT VS, lcE, REV-F
¥ ¥ MRIESS M’ e, BB D 3d EIREIREED ab AN TESIT 5%, EEEH
SRl BINICHERENTVWSERTH %,

BREYIHTE., A4V HEORZ 2 EAEOEFMERATHRRESI LTV
%, BRKRFHERICIIEROBEYINS S0, b bBAA, BESEEAH=
AL IFEBEERRFENIRELEEL VR EEZI TV S,

HEBORFEZ XA FIVANOEZ ZFRPEBEL T NBTREENS S
<A Z O AR VT, MR OB RIED IR TO 3d EF OB
OB E RSB IRIR(CMR) D EEZRA Y N D—DTH % EREEF(COME
BRSO MIAICRII DD TR BEWH EZZ BN AMBEOHIE TH 5, Tz,
HESOBRIEHSICBII B A 7 aFE TORHAZEZ % ETH. GHz HTD
YRRl MM AC L REETHB EEZ NS, BAMCIZERBFH
R FES 34GHZ TOR A 7 DRFEE ¢ (0 )DEEZIBVNT T2,
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BRERIERERIA 7aERT MVRy N T—0 754 — (MVNAS-350,
ABmm ) 12 X% ZEAEIRSBBEINEZH W\ 2, MEAEZEEICEAT %,
ZERAHIRISBNICERIZRE L, HIRBOHBARY MUEERIT S, BEMD
ZEAHIRIEDOILIRZARY NV EANDS EHIRARE { LERE &~ A 7 ok
£ A (ZEfdElE FIHD B ESNS, HIRSEMIT/NIHEHARIZREL TERLT
t, HIGART MUDES NS, 7272 L., HIREKEREER~ 1 7 0iEE (2
FEE) o7 hAREES, CoZkE EF=2E) HoEELEE ()., &
FZAEEc (0)EFMT R2HEETH %, BEHIRBIAVNTI N THD, ?
A 7 FEISETBEREREOLRE ST, SERGZEHIN U TG
B TES T EVMBNAERTH S, £z, HIRBHNTREA 70KRZFED
HIRE— REERT 2728, BV A 2% A 7 2iEDOKREICHENT5/NEL
THhiE, BROREGZ IR EZRAONME E,,)IC BIREIGRA DM E
) CBRETZTENTES, THCED ., RROBRKRELISE L EEK
WG EZ B L CBRIT 2 Z LR &5, AIFFETIZ 12.5¢ X8.5mm D
MR ZRIRES T, T— K G4CH2) Z AWV T, B DAIBICEHRIZRE L TV
ZEABCEE., SRAEAEREIMAT S L, MFHIFZIEIC K DERI LB
HEEEHOTWS, BRERAIED 5. CO HEMBIRE Tco=235K. [RIRRIMHELFE
1B Tn=165K THBENH

2TV %,

~L " ' PpsCapsMnOs; ' 30Kk = Emax | LR
ISR ER =] Sgiamm s
Fig.11Z 30 K1 %, HiRAE ! Amp. (Inc. } 35 g
BT & O ZOESREOR Bt [
BEb 2R, : Amp. (Dec. )
CORRICOVT EEERE 3 | 33 988
T B L, = -
DEEARTEFHRERT Bl Freq. (Deo e, Lok
R IT =< A 7 Qs8I e b L 1L 33 986
vy—FnE—pr Jo—r 0 2 4 6 8 10

\ B(T)
TE—JEZEREODE—I N Fig.1 Resonant fequency and microwave amplitude as

H5, a function of B at 30K.
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EXMZBDORAMRRION NI/ RAE—TFTH&

Conoscopic Interference Figure of Optically Active Aisotropic Crystals

KERFFIIKRE KEBR IFEWME#E  WHKET. RARTFIA. LA

BEXE XEZES B&THE. BRES
ERE AT KRR APRZ, 1BFH)

Graduate School of Engineering, Osaka Prefecture University,

Nobuyuki Yamamoto, Nazim Mamedov and Yonggu Shim,
College of Humanities and Sciences, Nihon University,

Chiharu Hidaka and Takeo Takizawa,
Research Institute for Electric and Magnetic Materials,

Eiji Niwa and Takashi Masumoto

Abstract Low order interference images in optic-axis
conoscopic light figures of optically active AgGaSz and TeO2
are investigated in the visible spectral range at room
temperature. Light figure patterns of AgGaS2 are found not to
be affected by optical activity. Unlike the case of AgGaSz2, light
figures of TeO2 are influenced by optical activity strongly in low

orders of interference. The results are compared with that for

optically inactive CaCOs3.

1.130®IC

S/ RAE—FHEREEAMBEROAZNTHCBEBOKELES
DICETHERLBFETHS(1,2]. BALGEE/ /OXRELGHAIELRE
BEIVSAARY Yy NEFRZAA/ RAE—KFRICKZDFEHBREETS
AASTHAHZEBMIZBIFETIEEE THEBDEMK[1] &, EREITDEER
DREADHFLWREZEZDER[3]ICLY. bhbh(EhETOHHMAZD/
RAE—MFEREBACREZEZATERL, COHFLWFERICKY, D3dxt
FEZ S DREAEMDZ\CaCO3THDRREBITORIFL—HE T TIC
HEILTULW3[4]. COMETIE. KEWEXMEEDHD. D2d#RDAgGaS2
[5] & DasFRDTe02[6]AD = DFEEDILEEBRHT 2.

2.CaC03, AgGaSz 8L U TeO2n4ka/ RAE—&
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#RERICALV/=CaC03, AgGaS2, Te02 & R(2(001)ETH Y FLHREEL.
FhEFn, 1.225mm, 8.20mm, 1.42mmDEZ4%2 6D, RBREBOHEAKIC
DWTIH[1]Z2EBLTIZLL, ChoDERIT 1 METHYBE—DEREIR
THR#EDIIoNS, B ICIhoDERDERITERT., Te0 (3L TIE
e, AgGaS2(INY RHHETEEENSBERNEELLT I55EHED
5, 497.3nmICEAMHER[5]2H D, CaCO3lILikTRERTH S, RE
MICEXINSDERDONABMARTHRETES7M YV I/O0LAMVHRIIXRAT
BLLENZFEREHDZEATHS, CZT, MIAXERTEEZILE. An
(3R, d IEROEE. m ETFHBEOXRETH 5.

mA 2dAn
RszE—A—n—\[H 1+( /1) (1)

m

g EAHORVES
CaCO03 [4] &£ AgGaS2 DF#HEDEREFEER 2 [TRT, CaCO3DF

BETIEIADULEDT7AV QXA YDBEBRAETN. ThENOEZRITIERD
BiNE EBHICEBICEML TS, LHL. AgGaS2TlE., FDHEEFIZ(IL
HIZ476nmM5484nmETIEML., TDH E488nmBH» 5504nmE TDHE
TENENDTAV2AAAAYDAV NS AMIHNENELLZDERBENH
U, 510nmUEDBERTBURT7AVI/0AA MIBBRBICBRETESLDIC
7Y, TOERLBEROEBMELBITHD LTIV, CaCO3TIZ, FH.
2dAN/ MADIPFEENBDDT, (1) IX(2) DL ITELTE,

md (2)
2An

ERYBITAVIOrMYDEZEDILEDBRB)D LD E—EEICARDZ &
BB TES,

R, ~M

Rvn+1 m+1

~
~

= - (3)

™m

AgGaS2T®H., L <EH m=1, m=2 TR ZDFREBT/BENBED. 74
VoAAAYDBBEICEATEAZN488nmN5604nmOEFH T, Ands
MEWEBHIZK)DBELUZDHDNERELZIEN, B33 DDEHD
R2/R1LEZEBREDBEEELTRLUE, CaCO3TIILETY 2 DEERD,
AgGaS: TIHRBERETY 2 £RDH. A VIOA YDA TERL X
BRRIGEVWEZATKRELAESTINS, TeO2TIIRERFTY 2 ITIED
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KB, BREDA1ITGEDS LRICKELEHEMED D, TeO2O ZDHEHEM
(IEEAMDXEEEZE LRV EHBATERL,

22 BAMDHBHIBE
RBAMDHHIEEICIFRAWNEEICLERNTTZ AV IO ALY DFEILRDIEA
LUXTRENSEEDEMEADZEBEMNS[7]. ST, nFEARD
BIFE., An([FEAMOLZIMEZEDERIFDETH S,

mAd

~M
AR, | =

n’pG (4)

ZORICLDE. FEDEBMADOEAMDOZEIEICEDEEZHDoGHE
[CEKTFTH, CZT. o 3IBEAE, GRERTVVIDOEERSTHY. &
HICARBIZEKFTAIDT, ZOBEIIMRODT7AVIAAXAVEERUNTSA
B OmICE<I&TFT D, TeO2TIIZDEN O mDIEINE L BHICRRITHD
THREHITERDTZAVIQAAVIIKELEAMORXEERITEZN., BR
DENEIHFVHLEEZZITE, LENS>T, TeO2MR2/R1EEIZE 3 TR L
LD ICEAMDBNEEERITT, V2 0h56KESINTIL,

TeO2D 5 RETDTAV I AAMYDEREDBRREFHOHEIELER4 (C
RT . 645nmMSS58SMMETDFHRII 1 ROT AV I OAAYBEAT
ERRERETOE{ETRT, EREBDTZ7AVI/OALAAMYVIEIENFNOERBEE
EMBREEN. AnTREINIBERTHEHATINS I LTS, AmDERIT

1
I = ()G (2,)d (5)

B)XTEZSN, ZIT. GrlETeO2iEmE 7>V ILDG33p 5 D#EXHE
THB([7]. —A. AgGaS2TIFG33IXFEICLY €O TH Y KEAF RDF
BRICITBOREAMDOREERIR Shizly,

3. &
COMRICKYFAA/ RAE-—FBROFENEAMEROLZERIC
BXITTREAMDEEZRLIDICHERATHS ZLEWIEL,

S E A
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Figure captions

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Wavelength dependencies of birefringence of TeO2, AgGaS2
and CaCOs3. the cross-point of vertical and horizontal dashed
lines is the isotropic point (A i) of AgGaSa.

Conoscopic light figure patterns of CaCO3 and AgGaS2 for
different wavelengths.

Wavelength dependencies of the ratio of the radiuses of the
second to first isochromates of TeO2, AgGaS2 and CaCOs.
Horizontal dashed line shows the "thick-sample" limit equal to
¥ 2. Vertical dashed lines indicate the isotropic point (A i) of
AgGaS2z and short-wavelength limit ( A 1) for observation of the
first-order (m=1) isochromatatic curve of TeO2.

Wavelength dependencies of the radiuses of isochromates
with different interference orders (m) for TeOz. Vertical
dashed lines indicate the short-wavelength limits for each

interference order. the inset figure is light figure patterns for
m=1 of TeOz2.

80



T302

A96382

: (ese0by) iy

03

0.2}

01}
0.0 f-eeveeeeneee

04

uy

-0.2

-0.3

600 700 800
Wavelength (nm)

500

400

Fig.1

N
)
4]
@]
oo
<

Fig.2

(WA
R T i
A S on ol P ... 1 ~ Wy
.......... I i
[UELIR
]
| N A | e
o o o o o o
S ® ® ¥ «
(me)*y
S o
T A | T S
oo
4
o) 1 ®
| ) 1 Qi ls
| ol \ ~
i
o~ 4]
g |
! S s
< ©
(z08L) ¥ / /
A °
R R R U, SORPIg © S — - m
(2se9bY) :
§ o
- ! 40
! <
i e 1 1 1 s
«© ~ © 7} « )

500 600 700
Wavelength (nm)

400

Wavelength (nm)

Fig4

81

Fig.3



82



RNy R¥ v v 7 & CaGa,S, BRGSO
N RimE L UZEBEIR T ORLE @R E R E
Polarized Transmission Intensity Measurements

at and below Energy Gap of Wide-Gap Single Crystalline CaGa,Ss.

KIRAFSIKRFERFRe TEFER
e RER, FUA <A K7, WUAIESFT

Graduate School of Engineering, Osaka Prefecture University

Yonggu Shim, Nazim Mamedov and Nobuyuki Yamamoto

Polarized transmission intensity studies have been performed on wide-gap biaxial
CaGa,S4 at room temperature. The effective value of partial birefringence in (100) plane
is determined to be comparatively large varying from 0.14 to 0.50 with increasing
photon energy from 1.9eV to 3.5eV. Four critical points for inter band optical transitions
are displayed by spectroscopic ellipsometer. These points are believed to largely

contribute into optical properties below energy gap of CaGazS.

1. IIL®IZ

CaGa,S4 13 4.15eV DN RF¥ ¥ v 72 L ORI FEARD 3 wibk &MV A R
Xr v 7HMETHE., ZOWMEIT Ce X® Eu E N—T7T5Z L THEORVIE
KETRTIENE TSy hREAT AR TLARL —F—~DOIS ARSI
TW5.

FIZT, ZNSEAmIIBWTAY R T ORMEEER TD CaGa,S,
HFFEZTARDLENEEL 5. FIZ, ZO/BREIIRAFERIIBT LT
2 MR THHZEND, 3 DOXEFEERF AN LTERFEEREZRDD
VENRBH D, F£iz, N REUTFTOEETORITEOER SBUIT NV Rl
DRI L 2R RADOEERZIT B0, N RifHEOR R RIZx3 2 /4T
LUNETHD.

T ZTiX, CaGa,Sy HAEfRIZKRT LTy LA F O 3oL F—mikicxt LT
IZfREEIEAE (Polarized Transmission Intensity, PTI) #IE % v >T(100)HE
NOBRBEHFOKREIEZRBE LY, £/, N RRfHEORIN@EERIZR LTy
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K V7Y A PVAEZITV, N FMEEORGEIZ OV TFMEIT- 2.

2. PTIHIEIC & % CaGa,S, D2 E J7 3¢

TV v U= U ETHERL L 7= CaGa,S, Hifkd: D (100)85BAE 1< xt L PTIRIE
ZiT-72. R Xe T 7T EZMAWT 1.9-3.5eV DREIIT-DVNT(100)E M DER
SRIBORERTTo7. RtF, BT, RBOEFEFRFLTMIT Fig1 1T7R
TEE TITV, AT, WATHABNEADEHEFigl(a)DEE (1) &7
DFBAFig 1) DRE (1) ZRELE. TRENOBEITERER n, REto

Principal Principal
dielectric axis dielectric axis

Polarizer

(@)

Fig.1 Optical configuration of polarizer and analyzer for PTI
measurements. (a) crossed, (b) paralleled.

Wavelength (nm)
0.7 658600 550 500 450 400 350
drTTET T L LI T T

T T

20 25 30 35
Photon energy (eV)

Fig2 Photon energy dependence of in-(100)-plane effective
birefringence obtained from the spectral ratio I, /I, (inset) for a
110_m plate of CaGa,S,.
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BExd BEELAOEETKROLIIZERIND.
I, =1,sin’6, I =1 cos’d (6 =%And) o)

TITLIINBERETH S, £, |, |lOTFHT7Y ¥ (Fig2 @ inset) »»
SBRDOEXD L HIZBEEREI naeZRODHZ ENHKD.

An 1 A'm/’\'m-’-l
ett d }\' A (2)
BIEFER% Fig 2127777 . CaGaySq D[010], [001)5EIIRTT 5 EEHFRH D
BIEHTH 0.14-050 L 2V RE B FMEERFFOZ Lo Tz,

R, =) R e S N R el CaGaZS,,O)'?i‘%%?{iiﬂ'JE
CaGa,S4 1T =" D EFELRZFFOIDIZEERFEXRDORAED=DIZIT 2 o
DELZIERABPLELZRSD. L, ZZTIH(00)EmUMIKE 2fEmE %
BB ERHEKRP-ZOT, ZOM00)HEIZXT LT 1.5-6.3eV OB THAAZE
ARGV T A= EZRANTEEROBEZTo7. = VT AT XD
BESNAY, ADOCHFEERZEHTAIIHZY, Ak oiXRmIZELED
HECNZRFMORELEZR L2t o, 2 2 TiiEie 2/8E

// T e T 1 10
<&y |8
E & 0
. byl
14
12
i 1 | s 1 . I“O
2 4 s /I ) 6

Photon energy (eV)

Fig.3 Pseudo values of real and imaginary parts of diagonal components of dielectric function
tensor of single crystalline CaGa,S,4. Dotted line: Pseudo values of dielectric function of
CaGa,S,, as obtained from measurements on polycrystals 2
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TIVEBER L.

Fig.3 IZZoDEFEEH M T 2EBEEMD, <ep>b<ey>DE
HEEMDRRY bLER L. FEEOER, EHLICRNERAIMEF-T
WBZERbMNE,. ZDZ LG, Fig2 @ PTI BIEDFK R H15 5 17-(100)
MADORERERITZEECENIZHATES. £, FEROEAIIZ2KE X
MH D CaGaSs MAFERBETHE I ENbhoT. RICEEBROEHD
2T RADBIRREITRT LI Ex~E, D4 0B ERAVBA SN, =
IT, THOEFIIZINF—DEWFEALLETEZ[MIT TS, XU FF
vy 7ETYT B BRARKELAERLE L - S2/EREEHBLN TS 2R,
SEIORETIIBRAI SN2 o7, SEIOFEERAY MNVORIERERNS 2z
R % L T E4(4.40eV), Es (4.96eV) 2%, yy B IZx LT Ey(4.75eV),
E4(5.66eV)DREREAVNRE BN, 22T, E & E, DR NVF—(IEIILFER
D CaGa,Sy THEl SN bOPIL HFIZTRV—FER LTV, 4 EOE#EE
WX BBIETIE, TNOORFRSAN zz, yy BRI oBES N CRAIS .

4. F& 8

CaGa,S, BiEHD(100)EIZ x5 PTI BIEIZ LV 1.9-3.5eV O T 0.14-
050 W) KRERBERBITEFOILEHAOMILE., T2, MMAEFRS LT
V7Y A—=F%HANT1.563eVOsHEIZ4 > ORAFMEEZFFORESLLEHAIL,
CORRADEFMUENRNY FEX ¥ v TUTORFREICKREREEL G5 2 TV
HZLEHEOMIL. E72, CaGaS, DIFFERT v VL0 HmkS %
ITULHTRDBZ ENTET,

b Z'TN
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Light Scattering and Ellipsometric Studies at and below Energy Gap:
Polycrystalline Calcium and Strontium Thiogallates
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Nazim Mamedov(a),Hideyuki Toyota(b),Nobuyuki Yamamoto(a) and Seishi Iida (b)

With allowance only for single light scattering processes, an approach based on peculiar
angles is considered to solve the problem of restoration of the dielectric function from
ellipsometric measurements at and below energy gap on polycrystalline materials with
macroscopic roughness. It is shown that at least for macroscopically and mildly rough surfaces,
scattering changes only the amplitude diminution while the phase remains unchanged. This
offers a possibility to restore ellipsometric angles that are unperturbed by scattering provided
that parameters of surface distribution are known. Another possibility is to determine parameters
of surface distribution for polycrystalline materials with known optical parameters.
Ellipsometric data on polycrystalline calcium and strontium thiogallates are briefly overviewed
in connection with the performed analysis. The results of comparison show that both multiple
scattering and overlayer-type effects can be involved in the transient region between diffraction

and geometric optics.

1. Introduction
The problem of adequate trearment of ellipsometric data from polycrystalline media
has not been settled yet. Quantitative examinations on polycrystalline film patterns of Si
and Ge by above-energy gap ellipsometric measurements have been concerned mainly
with the microscopic roughness.l) For this kind of roughness, which is common for
polycrystalline media with grain sizes far below the wavelength of the light, Aspnes has
established BEMA (Bruggeman’s effective medium approximation) as the most
universal and fairly rigorous approach.2) However, surface irregularities with
correlation length comparable or above the wavelength of the utilized light are often
present in the polycrystalline materials and also need adequate ellipsometric treatment.
In this paper we are considering this problem within single light scattering scenario,
focusing on photon energy ranges at and below energy gap. Influence of multiple
scattering, which is believed to be the main source of depolarization of light scattered

from inhomogeneous dielectrics in the regions of transparency, is not considered but can
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be easily revealed by measuring degree of light polarization at different angles of
incidence. For last purpose phase-modulated spectroscopic ellipsometry is thought to be
the best experimental technique among the others.

2. Macroscopic Roughness and Ellipsometric Data for Principal Angle of Incidence

As known, pseudo-dielectric function (PDF) is calculated from standard isotropic
ellipsometric parameters ¥ and A assuming a two-phase model (TPM) of the reflecting
media.3) This function, which is known to be a good approximation to the real one when
surface roughness consists of contaminants only 4), can be found from the ellipsometric

data for principal angle of incidence, i.e. the angle ®p for which the phase change A
equals 7/2, in the form

g, =n® -k’ =tanzcbp(1—2sin2<bpsin2‘PP) (1a)

g, =2nk=‘tan2 P sin’ @, sin4‘I’P’ (1b)

for real and imaginary parts, respectively.3) The principal angle ®p, the angle, ®m, of
minimal elliptic ratio corresponding to a minimum, ¥, of the amplitude diminution ¥,
and the Brewster angle, ®@p=arctan n, are equal only in the case of the transparent
media with perfect surface.

The standard case below energy gap, as well applicable to our samples, is a situation
with »n very large compared to k& (»>>k), and » and k, both smooth and increasing
functions of photon energy. In the region below energy gap all the above angles are
presumed to be practically the same. The small absorption (k<<1) can lead only to a
difference within several minutes, as can be shown using equation (1) and the
expression for @m 5) in the form

8 a’-b a-b_ 3 o @ 4
tan"® + tan° @+ tan” ® -4a tan” @, -4a" =0, 2)

where a=n>-k> and b=n>+3k*> On account of the absorption the splitting
between the above angles can occur only in one way: $p - Pm >0, $m - PB >0.

For principal angle of incidence we can write that

R,
Re(F) =0 (3a)

s

S

R,
Im( R_) =2tan¥, (3b)

providing that condition tan®,=tan®,~tan®B (TPM) is fulfilled. Here, Rp and Rs are
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the complex amplitude coefficients of the reflectance for p- and s- components of the
light encountering analyzer, respectively. Symbol (/) means second derivation. For
simplicity we have omitted a very small term, 2tan31Pp, from the right-hand part of
relation (3b).

For mildly rough surface (o//<<l1, o- the height of the surface fluctuations, /-
correlation length) with />>A- light wavelength, using formalism6) for scattering in the

plane of incidence, one can obtain that

. a_ (R,
tan(W, + 6W)sin 6A = ERe(YQ—) =0 (4a)

R"

tan ‘pr - tan(‘I’P +0%)cosOA = %Im(R—P) = o tan ‘PP (4b)
where a is a positive constant related to the variance of the surface distribution, ¥ and
0A are the deviations from ¥, and @2, respectively. From (4a) and (4b) we get
automatically that dA equals zero and all the effect will appear in the form

tan ¥ 5

tan ¥ = —~————=——
1+ tan ‘I’P

(%)
or ellipsometric measurements at principal angle of incidence can give information on

the distribution of the surface irregularities provided that we have a good reference
system for comparison.

If condition tan@p = tan Py, is fulfilled but tan@m is not equal to tan®B (TPM), both
0¥ and OA are different from zero. If we assume that for this case the functional

connection in general form is the same as before we can write instead of (4a) and (4b)
that

tan(¥ , + 8¥)sin A = f| (6a)

tanW —tan(W¥, + 6W)cosdA = f, (6b)

where f7 and f2 are some functions that can be found explicitly by substituting the
experimental 0¥ and 0A into the (6a) and (6b). Such characterization might be useful
for finding empirical correlation between the grain size and ellipsometric parameters.
Also, fulfillment of the condition tan@p = tan®m in this case provides an opportunity to
characterize the reflection from polycrystalline materials using an effective refraction
index instead of the real one.

Finally, if neither of the above conditions is fulfilled, no simple characterization of the
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scattering from polycrystalline material is possible and one must take into account the
effects of multiple scattering and overlayer.

3. Polycrystalline Calcium and Strontium Thiogallates

Comparison with recent ellipsometric data7.?) on polycrystalline wide-gap
semiconductors, such as CaGazS, (CGS) and SrGasS, (SGS), which are oriented for
application in light emitting devices®-11) shows a qualitative agreement with the above-
obtained results. In particular, in the photon energy ranges free of multiple scattering 6%
does really adopt negative values when passing from SGS with large (L) grain size to
SGS with small (S) grain size. However, A does not take on zero values for the
transient character of the spectral range for which ellipsometric data were obtained. For
the transient range between diffraction and geometric optics overlayer-type effects can
already become appreciable, changing the simple above-described picture. Data
obtained for CGS-L and CGS-S do show that such a scenario does really take place. For
CGS-S with grain size smaller than that of SGS-S é¥ is no longer negative indicating

on moving farther into the region where diffraction type effects are more dominant.
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Photoluminescence characterization of defects in CulnS,
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Department of Physics and Electronics, Graduate School of Engineering,
Osaka Prefecture University,
M. Iwai, G. Hu, M. Matsuo, Y. Miyoshi and K. Wakita

Abstract Photoluminescence spectra in CulnS; crystals grown by the traveling heater
method have been investigated to characterize the defects in the crystals. We propose
that the defects associated with the bound exciton emissions at 1.525 and 1.520 eV are
attributed to interstitial S-atoms, and In-vacancies or substitutional Cu-atoms at In-site,
respectively. Furthermore, from the results of donor-acceptor pair emissions the energy
level of donors is deduced to be 36 meV, whereas those of acceptors are estimated to be
113 and 150 meV.

1. IZC®IZ

CulnS; X HEHFEM O S EEBARGFEMMELE L TSN TEY, #EOR
s BAIZBE T AP ERTERITITON TS, LA L, CulnS, D ERER MR
BRIIARZ 45 TRy, Fox it THM IEIC I D ERL L 72 CulnS, 2SIV 7 BiEga D 7
F MV REBUVRAPLANRY MVEBFTT 5 Z LI KV ERTORRE LOE
DMERLIZ DN TEL L 77,

2. ER

BIEREE LT THM BIC LV ERLL 72 CulnS, B E AW =, £7-, b
DEZET =— VBB LIS XU F— LM E 727 =— )L (In,S3 7 =— V)
MFEe B Tol, T=—)VEHITLT 400C, 15 5 TH5BH, KRManEIR% 7
D72 DIT as-grown BE T =— UfEsD PL MIEZTT o7, PLBIEIZRITS
FhEEIRIX Ar L — W — (BhEKE : 488 nm) ¥ 72I3 Ti-sapphire L — % — (i
BE 766 nm)& H\ =, BIEEEIZIK THD,

3. BRLBE
3-1. IR FRIEIC BB 5 KM

Fig.1 {2\ Rig{HL D PL 227 RV E7RF, as-grown fars ClX “A” BHHR
BF (Ea:1.535eV), FEREF (Bxi: 1.530 eV, Exz 1.525eV), K+ —fETF
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Fig.1 (a) PL spectra of as-grown and V-annealed crystals, and (b) PL spectra of

In,S;-annealed and V-In,S;-anealed crystals at 9 K in the band edge region.

HHEES (DV: 1.52eV) BAZBRILIZ, BEZET =—LIZX DNV REORL
FREEIT 112 FREEICD Uiz £7- Exo BE— 7 MHIA L T #7212 Exs E— 2 (Exa:
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In,S; 7 =—WZ X B RFBERFRIE DRV R EZFEND HT-DIZ, BEET =— /L% X
BIZ IS 7 =— b (V-ImSs 7 =—/V) %1To72, V-ImS; 7 =— /L Tl Exs £ —
JIWZEITHEY RN o e BT =— VLo THB LI Ex B¥—7
NEHOBNTZ, Ex =27 OB s, BT =— /I Lo T OBl L7
JRFZFDBRD IS 7T =—/UIZXVEEXE TS L Bbn b,

3-2. D-A X7 X EEE T 5 KK

Fig.2 {Z As-grown ff g DK R VX —FBIRIZ 1T 5 PL A7 ML ORhERE
KIEME A R, BhEIREE 1 TiX 144eV (1), 140eV (II) BL U136V (1)
WWE—ZRR 6N, 2N SIIRRME DD IZHE > T — 7 BENMET RLX
—~BITT D, ZDZEND, TNHDRKIID-AXRTOFREEIZELILZ L
Bbohb, BEXEBELEXLIBLIVIOE—27 =X —L OERE Figld IZ
7R, Zack & Halperin IZ & » THE & iz D-A X7 HFES OB Vi X 58
FEDT 4 v T 4V T 2EBRELTRLE, 74T 4V TREPORDIY
— 2 I OKRF—F73FT7 787 Z—DT 3/ F—HFLIT36 meV B L 110 meV
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REBF—T74+/ U EEERVEHE Y
K ORDI-FER%E Table 1 1287, T 2T,
BEFORDEES 0.16m.. EILOADEE
Z130m. & L7z, m TEHEFOEETH
5, ZOHBRERESEICUT., £51&Em
RFIZHONWTEET 5,
BN Exx \(CIEBRTHE, EZET=—)L
MEINZXEY Ex, E— 27 BHERB L7z, F7z,
HRBRLEZE—2Z7IX35IT IS 7T=—/u
(V-iInoS; 7 =—)V) 295 Z LIZX0IERE
Lz, ZOZENLEZET =— VBT X
DREEPS In FRITSEFVBERL, 20
FEFR Exo E— 7 ICEBRT A KRMMAFHFL < L o
PLTWBEEBZ LD, FNLWZ Exy D 1.38 140 142 144
FhEETF % 4 LTV B KIS TR0 In & Photon energy (eV)
721X S & HERm ¢ B, F 72, Lewerenz & Dietz Fig.3 Peak energy of emissions of peak
[ and [ against the intensity of
DL TiX, BFEASEFITLET 7% excitation light for as-grown crystal
7 ¥ —¥#EALIT 170~180 meV T Y | Table 1
OHET 7% 72 —0fE (167meV) & B\
—¥%/RT, —H. F Abou-Elfotouh ST/ In JFLF2% 70 meV D K —HEfL
FRRTHERE LTS Y, - T, Ex /3B TH S BTICHE S nziiET
EEZOND, iz, D-AXTHEENGRD 150 meV DT 7 & 7 ¥ —H#EALIX

1.35 140 145 1.50
Photon energy (eV)

Fig.2 PL-spectra of as-grown crystal

Excitation Intensity (arb.units)

Table 1 Possible values of Ep and Ea (in meV) for the emission lines Ex;, Exs and Exs

hv (eV) Neutral donor lonized donor Neutral acceptor lonized acceptor

Ex1 1.530 19 24 83 17
Ex, 1.525 37 29 167 20
Exz 1.520 56 34 250 23
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Table 1 DfEX° Lewerenz & Dietz DfEE XS L TRV, #FH S RFIE 150 - 180
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- T, Exsld In DBERIC L AXRMENEE L TWEEEBZxbND, £, R
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INLDOREENPSG . ExsZ In ZAH LT In VA b~DOEBRE Cu R FIZHE X
NIRRT & G TX B,

CulnS, TIE 35 meV D FF—HEALN S ZEFIZ X B L D|E V03 H 0, Frx M
BHIL7ZD-AXTREED FF—H#MBomeV) b SZEFLIZE D b D L Ebh b,
¥ 72, as-grown #E B D PL AXZ R UIZBWT 1.52 eV IZERNL - E—2 13,36 meV
DRF—HMLMBEBFELOBRBICEIDZLDTHS 9, —F, Exy DE—21Z
as-grown B L N7 =— VA L R VTS b EBEISN D Z & 56 Table 1
DOIEIWZIZ—E L 72V AS, S ZBFLIZ L B 36meV D K F—23FE5 L TWArTeEt b
Ez605, UL, Ex \[CEETAXRMBORIEICIIEEOMENLETH 5,

F7 . D-AXRTEXIZL > TERDZ 113 meV DT 7 &7 # —U#(L1T Binsma &
2 K2 Matsushita 5 2 2SE L TS CuZFUT X D 110 meV DT 7 &7 ¥ —IZ
St LT3,

4. *EW ,

THM {EICE VER L7 CulnS, BRI LA 27 =— VLB %2 e LT f
B PL AT MERIETHZ LICED, ROXRMBIZOVWTHRET 21T,
FERR T RBAEDT =— 2 X D25 Exy B X W Es 1T ZNE & FE S R
FBIOMZEAL LTV A rh~OBEBRE Cu RFICHEINZMEFLEE
R Tco ET2D-AXT REIEOMEREMKFMEICZLY | 36 meV O N —H#EAL L 113
meV B LW 150meV DT 7 &7 7 —H{LE2RD -,
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i HEA BN L7Z CaGasS, Bl d: DN F 4
Optical Properties of Rare earth element doped CaGasSs single crystals
HA R ZSCHEES VB2 R
IEFEER HeTh RS
Department of physics, College of Humanities & Sciences> Nihon University
Eri Yamagishi, Chiharu Hidaka, Takeo Takizawa

Abstract CaGa;Ss compounds are regarded as host materials of EL devices. Rare
earth element doped CaGa,Ss compounds exhibit fluorescence of various colors owing
to the 4f-5d or 4{-4f transitions in the core electronic levels in rare earth elements. These
levels are analyzed in comparison with the calculated and experimental data ever
reported.

1. 1XLC®HIZ

CaGa;S: IbEWIE. EL ZFORBEFERLE L THENMTONTE 2, C& 2 H
MUTALEWIT. C A A4 D 4f-5d BB L 2EBEEOFRARE N TRT Y,
oA TEMEZTHM Lz CaGasSs {bEWIE. M TELRIT L - TR 5 Al
DOFEXEZFRTH D, BREGEZER LRI ZITONTE L. T0OXFEH
EBRBHIIIRAMOBSNE, TILETH A IL, BHEREIEIZLY CaGaS,
B2 ERT 2 2 LICRIIL, & 612 CS 2 uMmL., = DHEERDFHE
W ERARITE 2, SMF 41X, Eu*', Pr'. Er', Tm> 2% L 72 CaGasSs
HEREERL, ZTNODOREART ML ERRI ALY N VOIRERL % 8
E L. PRI MM 2 AT LD TRET 5,

2. EBRHE

iytgrivn

9", BEER & 72D CaGarSs (LEMEAER Lz P, Wi, ZD{LEHEmie
L. ATEA T DHEAHBED 0.5Wt%IZ72 5 L 5 IZ/ Tt 2 IRE LT,
IOREME D —ARUHIBIZAN, EHICINEREENIZEZEEAL, k&
B 0.25cm/h THRET Y v o< B K0 ERLL 7=,

I - SRIAE

FHARAXT FUiE, B EJRIZ He-Cd L —H— (325nm. 23mW) Z AW T
BIE LTz, ABRIBIEICB NI, RELTEKRKEIT V72 H W, WMRAIE
. 10K 225 300K DIREEFHATIT- 72,

3. BEBIVEEZ
%iﬁ%ﬁ/icﬁkin$%ﬁ/%%mf4f*W@L% L BFENE
T Y, A BT BRBOEERITLEALZITRVIRBNTRILX R FE
fétb\ﬁ BRNEBBIZLAREKERY MUVITHBRIBEBORENN DL E, —F.,
Ce' M A =0 Bu¥' 1 A UiE, HERBORELZITH O 5d %0 b 4f H~DEHS
WZEBBAERTTEH, BILNVAXT MABRELILD, %iﬁ%ﬁy®mt&
BT, 4% W@@ﬂ w RN BIRBYEEN, X5, BT 5 DEMBE
LR D D, BRIZE %Tél*wﬁ—@\gtﬁ%m)@@%M%w
T FRNNF— L BWBEBE OGN (p) (p 1TFNLFDEEIZ TEZIEF, n 1T 4f
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CaGa,S4Eu*’

Eu'A U mbDRNXZART MU, T TORE L REERIBEV LY
MV THh o7z Figl) P, £z, BEDOEFITHENZRYZ FLOEEIRAIED B
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AF L DOBEITIE, BRTZOORIMBB/ LN, Z 5 ORIIT 4f DEEIRRE
THD Fsp Db, 5d VFERBTHHE L By & Ty ~ORINTH S L FAAS
N, Bg& Ty EDOTFIF =T 08eV THD L RML HNTWVD D, Eu¥'A
Fr D 5d I, C&A AU ERFERERBEZIT TVWADT, By & Ty DS
DREZINIFER UEIZ 2D & FRTES, LEN->T, 320nm & 400nm D
AU Z LIRS 8870 205 By & Toy ~DBBICEI DA NRZIN TH B L EZ BN D,
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Fig.1 Photoluminescence spectra of a CaGa,SsEu** Fig.2 Absorption spectra of a CaGa,S,;Eu®*
single crystal with various temperatures. single crystal at various temperatures. (Spectra

are vertically shifted by an equal amount.)

CaGa,S4Pr-

PRI L7 CaGaSs (LAY DFRHR Y M iX, ZVE TOWE T,
500nm 7> 5 620nm (2T DMEAVANY ML Th-o72 D, LavLl, Hx ORIE
Tix, BIBOLNZAY MAnB otz (Fig3), Ziid, BERBEFEEER
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BENT-ARZ MLERESN TWD T R/LX—HEAL & LB L, EBHENZ
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Fig4 I RN AT F L% RT, 360nm fHA B3 H ER S, BEICKEFL
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Fig.3 Photoluminescence spectra of a CaGa,S,Pr**
various temperatures. (The spectral
intensity is not corrected. The grating used is blazed

single crystal at

at 500nm.)
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Fig.4 Absorption spectra of a CaGa,S,Pr**

single

crystal at various temperatures.(Spectra are vertically
shifted by an equal amount.)
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R PFA ARy 27 2 BUEEY) EuGa,S, DYEERFE

Optical properties of stoichiometric rare-earth compounds of EuGa,Ss4

B EfiEERE
AT T, HHPIEZE, FYY KT - e 7 Ay N, BIEFHAE, S
Nagaoka University of Technology
A. Kato, M. Tanaka, H. Najafov, H. Ikuno and S.Iida

Abstract Temperature dependences of photoluminescence spectra and time decay
curves of polycrystalline EuGa,S4 have been investigated. Two activation energies of
0.26 eV and 0.014 eV were estimated from quenching of the photoluminescence
intensity. The latter value is practically the same to the value obtained from shortening
of the decay time constant. The activation process having the latter activation energy
seems to affect a reduction of quantum efficiency at room temperature compared to
CaGa;S4:Eu.

1. {ICIC

CaGa,S4Eu 3i~HAEHMICE W EFIELREOFRINZDRT &M e
TEH BARZEEMEL—Y—MB LU GEEH UTER V. EuGasSs 13 CaGasSs D
Ca ZEu® 100 %EH UL B TH Y, CaGarSsEu AREBWENETRERFED
FER L, #F UMLZERREMN L— Y — R LU T OB M 25D T ilE Uiz
23 UL, EuGasS, DYCFEFFMICEES S &5 13RI BT 28 s YDISY, A D
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WCEHRCEA Tz,

2. ERAE
BRI SRR BuS BEO Gasss 1o ™8 ww N
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Fig.1 X-ray diffraction of polycrystalline
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P A FFEIRK Zn B0 CuGaS, VPE ERBDEBEERI L T4+ MV X wvE VR

Conduction Type and Photoluminescence of Site-selectively Zn-doped
CuGaS; VPE Layers

EREMBIZERE — a&s, ke, Smams
Nagaoka University of Technology H. Ichinokura, A.Katoand S. Iida

Abstract

Zn-doped CuGaS; VPE thin films were prepared under partially separated alternate
feeding condition of simultaneous metal sources(CuCl, (C,Hs);GaCl) and H,S. The
conduction type of the Zn-doped layers was found to change depending on the Zn
supply route i.e., Cu route(p-type) or Ga route(n-type). The photoluminescence spectra
observed in these n- and p-type samples are identical to those observed in Zn-doped n-
and p-type samples prepared under completely separated alternate source feeding
condition. Site-selectively Zn-doping of CuGaS; was found to be attainable by doping
route selection, suggesting some reaction between dopant and metal sources during
feeding transport.

1. IU®Ic

Fi4lE. CuCl. DEGaCl(Diethylgallium-chloride)2 U H,S ZR BT %52
EXAEMMESHIE X3 v )VREE D T IKERICHINITE Zn & ¥ 1 MER
MNCHINT % T & CRESREEZSIEL 2, G8EL 74+ MV Ry VR (PL)
FEORNCFENBENT L EHRE LR 2, SEl. £BFEANIAER T, bk
F LM BB L TKHTIE 23 v )VAE Uz Zn Bt Rl DV T,
PL FlE R B EIZ Nz, ZORERN SFEREAND zZn HIIA A =X LD
WTBERET LTz,

2. RB5E

: Table I. Preparation conditions of samples and their
2-1. &

conduction types(p,n) revealed by Seebeck effect.
RO ERX ., n-GaP(100) EA

Sample - Growth Route Source temperature(°C)
NSRS N N method DEGaCl CuCl Zn
RAER, FRHCIE BROBRER oo fostod | 27
., > E 7 )3y AT e 020611 1 CutZn 525
Wiz, RERIITREXR B SHE YT g ez ¥ =
S =R ) = ) 020616 1 Cut+Zn 550 375
TEZFY v VRERE THUV 020618 : 1 Ga+Zn 508
7=EDT, 2 Eﬁ@%}% ERNZ[E [oz707 n 1 Ga+Zn 30 537
o 020709 n 1 Ga+Zn 550 |
K T b/kE L REMFGOAT, & 27|« 2 Ga+Zn 29 525 375
e 02094 | 2 CutZn 27 525 375
B FIRR) 2 1TV R R MF B U [Unieea] T~ = T o0 [ sw [
Y991201 n Ga+Zn 29 500 350
720 Zn @shlE. Cu Xid Ga RO [Youn| » CutZn 30 500 375

fEGIL— b OWVITNDIC Zn ZEBE Cu XU Ga J?ﬂk%éafﬁi%a‘% TET1T
> 2o BEDBRICIZ. 1) Zn R T Ga [RRIOGFINEEZEE L Cu FRORINEE
DHZEELEE B H1EE . 2) Zn KT cu ERIOFINEEZEE LU Ga RRIOEIN
BEOHZELETE B HED B DFET. Cw/Ga 5L &2 2k &8 72, Table.
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112, ER LR ORESRMF L. HRICHWEREREMBETER L2 Zn
IR R CEFIGRR O KERE L 2/RT, RADEERICDOWTI 3-1 I
w33,
2-2. 74 MIVI Ry EVAPLRIE
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S NEND B 120, AROBENII/NISEENE S SAF R EZ Yy NERER
Cryo-Mini D105)% FAWVT. &N S DRI X TIVE ./ 7 T A— X (Jobin-Yvon
U-1000)%Z AWV TEER 2,

3. RBHER
3-1. {ZEAH|E

EEAOHEX, BEEREZNIOH 50 CRVERESR L OFOEREES
ERUNEEE (KBEX. AMI01B) ZHAWTRKE (X—Xv 7%18) LiTo
2o V= ZZHROFED SO Tld Table. I DERFRNIVTNE . Cu fiths
JU— M Zn BV THEHE L7288 D p HUREMZR L. Gatltdg/)l— N zn &
WG U 72588 D n BUREMZ /R U Tz, #6R 1T sample HFESDRDOMICFEL
TH 3,

32. 7 MVIXwEVR 650 Wé&é‘e"g‘“‘“'“’s 50

2-1 TRNLSFETRRLL Zn 0 @) N
RO 77 K TOPL ARY ML % Fig. 1 TK A 020615 (1) |
ISR o (DB DIRIEHL 728k S ey reoied
L p BICHIEINTZAAROE DT, B Toaeua™0°C 020904 (2) |
HOE—T I F)VF—D214ev~223  ZF (| ]
eV ICHBBOEVFEHIBER SN, % , -
Cu BRI BB D I VT ngw gmg\\ ]

BREMN EF LT3, FERE 133
meV~162 meV OHEFICH S, (b)id n T i

020709 (1)

Exciton-related]

RLHESNTERRDSDE DT, s

KDY —2 THIVF—I13 230 eV~2.32 0o} ]
eVICHBH, TN OB IRERE Ty
KEFEL. EEENSVIEEGI X o g ppelmenerey(V)
WEF—RNCREENS %o 2-1 TNz 1PN © samples. fl‘lileec Ir;:mfberpin apr:lirexihz,srzz
2)0)75‘72%&5:}33‘ ngsingd A)L— K¢ ;hows the growth method explained
(R L B B2 > TV B T & et
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DTHBAREENFOCEDERENTNBE T, DFEI(QD L BEEAL
wEIic RoNn. FBCOXERNEARELZD TH—OFEE RAa L THENT,
EBbNnB, Fig. 1(a) TRESN Cu [REREED EFICHES FCREOHE N
Zng, DIBIMCHIG L TWAB R TE S, TOT M6, (0)D p BERN 51,

() EFRRIC Zng, 7 7 T RICHEHELTWVWS LELOANRDOENBZ L FEZ 5,
S BRRMGTE TER L7z Zn TINER O FEAR T MLV RERNIC X 5380
3. BTEXREMHETERLUZEA AL TH 5%, eBARMGETE., T2
RHAHAERE VY A BRI zn RIS NTVWBE EE 2%, EB5DNE
TE. Zn BIV— MC Ko TR L EERNELT 5 01F. £BREMG
JU—NIC Zn ZBL T LT, @BERBHERICSRBIERL Zn DA S DNDRIG
MIDEREN., TNSDORIGTINERICENET S & Cu X Ga lZZFNFhoY
A MZAD, Zn ZZDOBEDRAZ)NVDY A MZADRT WD TIIARVNEE Z
TW3,

5. LHELFE

& BIREIRIRMEASTE TER Uz zn BIERHE. Cu 55/ — MiC Zn BZEWVT
KET % L p BURE, Ga i/l — M Zn ZBVTKET % & n BUEERER
Eitﬂb‘\‘?%hto TNSEED ORI FTEXREMBIETIER L p BN

n BERID 5 OFRERE & —F L . @BERAERMESETE Y1 MERMIC

ZnﬁM@ﬁbhfw%&Etﬁ%%ﬁbﬁahtoW@H&bﬁﬁsf%Zn
FELO V=M X > TEERHNEDL ST eH 6. SEEAMBRICSEER &
Zn DA DRICHINER T N, HEEGI N B T D Zn DY A MERMEICHE
HLTWADTREZVWNEEDNS, 5113, BIcHEAERTES DI,
EXHNFEOMOETVF vV 7 IBERUEREIXVF—F2HBL 5L
DRRETH 5,
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B R Sy BT K WER Uz GaAs £:4i_E CulnSe, TEZF )L FEEOF A
Characterization of CulnSe; epitaxial thin films fabricated

by RF sputtering on GaAs substrates
VRAME, VAT, VHhR, TESESE, PaRETTEh, UNVIEER], 2R, 2
1T.Nagatomo, 1 Y.Watanabe, 1T.Tanaka 1Q.Guo, 1M.Nishio, 1H.Ogawa, 2A.Wakahara,
2A.Yoshida
VEERE, P BRI
1Saga University, “Toyohashi University of Technology

Abstract

CulnSe; (CIS) epitaxial thin films were fabricated by RF sputtering on (100),(110),and
(111)B GaAs substrates at substrate temperature of 400°C and 450°C. From reflection high
—energy electron diffraction analyses, we have confirmed that single crystalline CIS layer is
grown on GaAs(100) substrate whereas so-called “one dimensional epitaxy” is observed on
GaAs(110) and GaAs(111)B substrates at the substrate temperature of 450°C. The results of
x-ray rocking curve and atomic force microscope are also reported.

1. IZLHIC

[ -II- VI, BRIV ST FHIEEIAD—DTHS CulnSe,(CIS) i, EMiRE L& KR7HEH
B L UTHIZ SN WA, TNE T CIS O 2 E fIckE 4 OFEICK RS EL CIS &
FEOREMT N TE EF. BARBEE R S LEICIVER Lz GaAs(100)EMR LD
CIS T¥&FI )V EERR V., RTFEA . EFERBH RN Rix EREH ST L TER,2] AHF
22 TIE . BAEE R Sy ZEICEEBIE N CIS TEXF ) EREDE SRR OMCTBRT L
PHEIC, EREEBXUCEAMNDOER S GaAs E_EICERI Uiz CIS BEOFHMATT -T2,

2. EEHE

ML EHEZED GaAs(100),(110),(111)B ZE, BILIE L UTERIE R, ils CEXEE
IoF T UREENICEA U, £-RERIICBRB{LIERRET S0 A TS TO—
=BT o, BERIDOEEE 2X107Torr, AEF OE11E 10mTor, EARIEER 400°C &
450°C LUTE AR A S 2FEIC X D 2 BEE R Uiz, 5?-’7 w NI BB TS LALUECIS L&Y
MAREER L. EREF T a— T8 /N0 (EPMA) Kb, & & D LI
Cu/In=0.9,Se/M=1.03 '(37)5;2:75"\?3\3710

EBY LTz CIS T2 FI )L i@fEIL | KB E FHREIT(RHEED)., &2 2 X#REH7(XRD).
&R F R N B EE(AFM) IC X OEHE 21T 5 70

3. ERERLER
3.1 GaAs(100)EMR LD CIS DL E
Fig.1(a),(b) 3. FNZN GaAs(100)EHz 1 400°C,450°C TIESS LIz CIS TERF )L i@ A%
DRHEED /32— TH 5%, VT NOEREEICHE N TECIS O cEERER I LTEEIC
fidm] LTHARE ISR 6N 22V 54 HEIERA O ARy IR TE2M, BEfRIEE 400°CT
. BT IS TNB T L EEDBENB, TDT LG, %ﬁizﬁrﬁ 400°C Tld S4E T
HOEETRTED Do T — . %#iszt“* 450°C Tld. ARy M SZ—UhE onTHS5T .
COBEIIT BAESETERR kt:ofu 2, Fig.2 &, FNSEED400)EH7E— 20D XER w2 h
— 7 (XRC)ER LTNBH, TORERERNMSE, EAMGEE 450°CDSFHEEEIX 1.02° L &
BENEDBNTNBIENEZ %, BEF EHEEEMESNT-ERIEE 450°C DiFE ODRERED
AFM &% Fig.3 1\TRT . ZOEE T EE 2.3nm THY, HEATHEARTHAE SN TNBT
NI otz TORER KN 450°C SN UWEE T CIS BiE R EIRMVE 6Nz

3.2 GaAs(110)EMR D CIS Dl E
Fig.4 &, GaAs(i10)EMRk LICERIBE 450°C TEE Uiz CIS T¥X3F )L #fED RHEED
INZ—TdB, Fig.4(a) TIF N7 S — A OSER T EH B V3], CIS D ¢ #hERE
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a-1) E.B/[010]cun b-1) E.B//[010]can

a-2)E.B/[011])caas : ; b-2)E.B.//[011]ca¢
(a)substrate temperature 400°C (b)substrate temperature 450°C
Fig.1 RHEED patterns of CIS/GaAs(100)
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% % FWHM 1.0
£ gf
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(a) substrate temperature 400°C (b) substrate temperature 450°C

Fig.2 XRC of CIS/GaAs(100)

Fig.3 AFM image of CIS/GaAs(100) fabricated at substrate temperature 450°C

ENCX LT R OAMICE M L, Wb 3 —RTT IEXFI vV EMNE CTW i, BRiE L
TVWIERWHAERIEE 400°C THREIRD/INZ =B oA, b hic U TEZEHEN.,
GaAs(100)E MR _E HARICSHERBENEEITRTEN D Dof, ThER FS LT, Fig.5 I
TR ENB KDITFNSD(220)/(204) [E#HT E— 20D XRC H 5, EMRIEE 400°C XD 450°C D H¥
EENE L EEEDMBNTNBT N h B, Fig.6 &, EHRIEE 450°CICTER U-&ED
AFM B TH 3, ZE T EE 4.3nm TH N, REHEWEE TH o7, Liao Sld GaAs(110)E4R
12 690°C TH(E LIz CIGS ZMEIC{112} 7 7y MORNAB T L e L Q0 3(4], A7EEIZ 450°C
THE LIz DTHAHEM(b) DL KKITRTEIIC AR DT 7y M L SNTNBT &M
B,
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Fig.4 RHEED patterns of CIS/GaAs(110) at 450°C  Fig.5 XRC of CIS/GaAs(110)

poT)

Fig.6 AFM images of C1S/GaAs(110) fabricated at substrate temperature 450°C

3.3 GaAs(111)B E#x D CIS D E

Fig.7 1&. GaAs(111)B E#ik LIC 450°C TIEE L7z CIS T¥ X+ )L ERED RHEED /82—
T, (a)lE[-1-12]cans MM S, (D)IE[-101]caas 77 A E, (€)1&[-110]cans /7 AN SEFHRZA
G LIS B—2 T %, TOMERE TIE, 30° EiZ(a)—=(b)—>(a)—=(c)— (UBERVR L) L WIERF
TINZ—=HERNTZ, THUTSDD 112 Bl F DIETERRH L TH 3], GaAs(111)B Eifik LI
BOTHEWDYEZ—IITIEEFI )L KEDE T\, — 7. BERIEE 400°CIEFERR $2—
NThThR VU IMRDON . SERBENEETEI N DH 577, Fig.8 &, ZNEDEED
(336)[EHTE—2D XRC THB, EMRIEE 400°C £ 450°CDH A HMEEBAEE L $5EMEDE
NTQNBZEHNTDEANMDERDBEICDNTEE X7z, BHIEE 450°CICTERI L7-ERRD
AFM & (Fig.9) M5, ZEFEHEEE 2.1nm TH N, LB FIHZEREAYE SNTNBT DD

DTCO

4. FH

ARRAF T, BRERE R S 2EICED GaAs(100),(110),(111)B Bk EiC CIS ERERIERIL, 2
DAEFREDFHIZIT o720 ZDFER, W NOEALICHNTEEMRIEE R 450°C L 9B LI
E0 TR ) VIR AYG SN TBT LM A 572, GaAs(100)E#Rk £ T, CIS D c B E
MRZEE IO LEEICEI A Uiz BAG& CIS DRlE 9555, GaAs(110),(111)BEMR £ Tidvbip3
—RIEIEZF )V EMNE U TR N 5T, CHIThE THOMEEICKDRE X
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(b) substrate temperature 450°C Fig.9 AFM image of CIS/GaAs(111)B fabricated
Fig.8 XRC of CIS/GaAs(111)B at substrate temperature 450°C
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Quasi-thermal equilibrium states of formation-dissociation of C-O and N-O complexes in
heat-treated Czockralski silicon doped with carbon and nitrogen:

Determination of atomic compositions of the complexes

FhaEbtgERt 7/ B R geE
&M, M A

H. Yamada-Kaneta and K. Tanahashi
Nano-electronic Materials Lab., Fujitsu Laboratories Ltd.

For silicon crystals containing oxygen and carbon, and those containing oxygen and nitrogen, we
observed isothermal annealing behavior of the infrared absorptions by the C-O and N-O complexes.
By applying the mass-action law to the quasi-thermal equilibrium states discovered for the
formation-dissociation reactions of these complexes, we successfully determined the atomic
compositions of these complexes.

1. I IL®IZ

BT NNA 2PV a FEREIZIE, B, 10-40 ppm ORMMEBEENBE L TV 5.
ZORBMEERIL, UV — N BERST SN, RARE OB TR B\ Tl fafn EEIREE
EROoTVBED, Vo— "\ NETHHT 2. BRETEMIL, 751 REEDREE L
ﬁééﬁﬁ%mr%%wﬁﬁﬁﬁéﬁﬁ(Ey&Jyﬁﬁ%)%ﬁot@ BASRAT
ﬁ%%ﬁ@#é ENRBETHD. TnERBEOCETOEDIZ, BRITHEEZ X

I K 2o TEHTE, f%gﬁﬁkmew_;5&ﬁW&ﬁLw%ﬁ&Eé
nfmé Y aUHERPORRERLERIT, BREDESEKMREAL, TN ER
EMEOBOREZTELEZLNTVS. ThL, FIHOUBRET, Fnkon
FREOBEEERNES, CO LI RERNZ LN TEEREINDDNE WS ANRHAT
bHolz. ABETIE, BRITHONIBRE TAT 2RE-BEESE (C-O0 BEHE)
VER-BEEESE (N-O BEE4HE) 2HEL, RAMEkzRETS. UTCHEICT
HARMPEERIT, VW 2F-FHEA (bond-interstitial type) TH VY, FHMEKRFILE
BHTHD., Znb%E, ZNEN0L & Cs ODLHITET.

E8, TN, TONCRTFEREED FEL, AEMIZIE, C-0 BAEDEES
EN-OBEAKDBEELETRLTHS. LoT, CLOE2ELHETTCOBAEED
FEREEBPEZAH/EICOVWTHELLHAL, N & 0 280/MAT TO N-O EE&K
DFERIERER & R FMAELOREICONVTIE, mROZETTI LTS, 2k, Z
DRHLIT, C-O HAKICET BHx LB TOFFERER [1,2] & N-O EAKICET A&
FOMRFER[BE, TNODOBELEZEA L-BA»LELHELOTHS.
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2. EBRIE

Bx D C-0 BAEMIZE2BEREZ, RIARIRAY ~v EORHMIRILILHR
(BE—2) L LTHRMT 5.

X 11, AsiEgRRE ([01]) EAMMKRFREE ([Cs]) BENEh 9.4X1017
atoms/cm3 & 1.9X 1017 atoms/cm3 TH DTV = UfEdEIZx L, 500 T T 12 BFfE] DOZAL
HERMLZRIZ42 K THAIE SNFRARN ALY bV THD, 01 12X 25 1136 em’]
DERNVBIRBROEREKERMIZ, xD CO EAEFIZLIDZ —HORRE—2
(ABB,C,C’,D) BRENTWVE. INHOE—7 DMEF, BUBEEEIZKFEL TK
ELETD. NFDOE—27 ADRE, kbbbt —2 A 2475 C-OEAK (Z
& C-O\BEKREMERZ LIZTD) OREOFRMOUEERZFHNTERIPK 2 T
H5. BLIBRIAE, C-Oy BAEEBEITESHIC—EMIZEL, T OREN 1-8 i
MREER\ %, BREITHIBELLET EZ5 ([0i)) & ([Cs]) DD HMBERTE
E32820h H72V) 226, BEEBELESNIZREA LE. ([oi]) & ([Cs))
ERRZVZEZIZRABHIOWT, 2o [—FEERE] 1B 5, SESKROEBE (5%
INFRODIRE) OBUBEEB #FHEMITAT. TORBRO—PFI (C-0y BEERDESR)
X 3R T. ABEESCHUBEE R IZEL T T21220X 5 RERMS
ROZENRDhoTc. Thbb, Zo I—EERE] 128\ TIE, C-OBAEKDERK
AEBE RSN, %%LA¥%W% Io T3, TR, LV RWEEBX 7 — L TRUL,
BEENTHOEIT & EICEAERBELED LT 2, Z0o—EEKREIX, EOME
ERREETIZZRV. ZOBKT, Z0O—EHEE2 EREITIREE & MRS,

—EEREBIZBWTIL C-0 EEEDE - MBERISIZFEIZEL TWA D, 20
REETIX, LT XS REEEAOERINKY SI>. T7bb, EEKE

mX+nY = X,Y, (m, n=1,2,3,) (D
b RICEX &Y, WNIRISERD XnY n DIREIZBEL T
[(XpYnl = «, (D [X]7[Y1]" 2)

DEEFEMNRL Y 32>, = 2 T, £, (ﬂj:ﬁ%@ﬁﬁT@& EKGFETAIEHTHS.
loi] & [Cs] i, %ﬂ%hmjxs 2 X B 1106 cm™ & 607 cm™ D ERFRABIT

v— 27 DR I1106 607L £oT
[0i] =@ 06X 1))46 (3)
[Cs] = ag, X Iy, (4)

LEREND EEE Cs) , (01) , OEEDL, R1IZENLTVBRIRIRE—2 O
SRE I, ,Z&-T
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[(Cs) , (01) L] =an 5 X Iy o (5)
sEIns. K3), @), ) & Q) ITRALERT L, A,

Ly o/ {Zgo)™ (11060 ™ = ¢ ntT) (6)
ROBERERD. 22T, ¢ (7)) LRRERE TORIEKGFT HEHTHD.
EREEIZ, m & on @ﬁ%ﬁm?h L (L Teors Tii0e)  QBEIEMEZ AV
TROBZENTESD. 2D L) R BRIELBERTEIREICERE L 7242 25120
TITH &, RESNZ (m, n) NEMBETIUL, tREINEZELOENEREIZLL2WN
—EMEIZRD. AR TIE, ZDOX5 RAEIZXL> TRFMERK (m, n) ZIRET 5.

3. R
MRRERRZITOANS, E—7 BEORBEZRAHER, ©—2 B & BORE
23, F¥iz, =27 C & CoOBREDR, RBEOBNL, RELOZ T =288 BEOEN
IZEBT, WHhREBERICH —EDLERIZR-TWAZEERHLEZ., 15T, T
SDORE—271%, EHL508AY, RI—FD C-OBAERIZRBT S >R 5 R[E
EF—RNIZLDHDOTHDZZ EN5D. 1o T, LROFETHFEMREZERET ST
X, =20 5bD—FDHLTRY. 22T, =2 B& CrRAVWE. fludix,
ZOX D RAEBRIZIENS-DOT, N1 DY —2 245 C-0 BAEKIL, £25T4
BETHLLHZ N, ZNRHOBEAEEE, ABCREUD &MmskT 5.
AR ([0i], [Cs]) 23E2 9FBE ORI LT, RIEITRHALEFESR
BERALTRFEREZERELZ. BRIZR1ICTELDTH .

1. COEAKRDFEL, TNONETIRARINE —7, WNZEHEEDRFHEL

HEEK AT IRARIRE— FFHK (REFRFEm, MERFE)
A A m=1, n=1
B B, B’ m=1, n=2
C c,C ' m=1, n=3
D D m=1, n=1

N & OZELYY a VFERDBRRIRIMN AR MDD HH, N-O BEEIZ L 2K
RE—7BBENLIHDERK4IIRT. HFOZEL—r DL AT, TOEKE LD
W2, A2 & 3 THALEZE COBEERDBAIZHTEIHELRUFIBIZL -TEDE
R HIER L THD. ZOFEDEITICBWVWTIE, NE O ZEFLv U oo
T N-O BEEEDB TR AFRE S 2 BR D B/ NEALIE, NIZB L CIIBEAEZEREFTIEk <,
NNXTHDEBEZRTZ, ZOZEIE, BEROAZELV) o FHRTIE, BEERR
FIBAIENT, NNNHOLAPBRBENTWD LW I ERIZESHTN 5.
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4.

O CrELVI aVESR

&, 0 ENZELVY aVERERAB L L &2

T3 C-OBEEEOFRERE DEE) & N-O B RDOB R AREED Z8) 2 RN D K IE
m;of%&,ﬁﬁﬁﬁﬁ%%ﬁﬁbt.ﬁ@ﬁ%ﬁﬁmfﬁbﬁoﬁiﬁ%wﬁﬁ
2FIE LT, C-OEAKRE N-OBEESEDORTFHEREERE L.

. Y. Shirakawa, H. Yamada-Kaneta, and H. Mori, J. Appl. Phys. 77, 41 (1995).
Y. Shirakawa and H. Yamada-Kaneta, J. Appl. Phys: 80, 4199 (1996).
. K. Tanahashi and H. Yamada-Kaneta, Jpn. J. Appl. Phys. 42, (2003), in press.
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BEREEICKSIERE GaN:Zn FERDOBUE

Fabrication of GaN:Zn Films deposited by Vacuum Evaporation

AR B RKE &L, )E Kig
Tohru HONDA, Yuji AMAHORI and Hideo KAWANISHI

TERXFEFIFE
REEBNAEFHPEFHET 2665-1
Department of Electronic Engineering, Kohgakuin University
2665-1 Nakano-machi, Hachiohji, Tokyo 192-0015, JAPAN

Amorphous GaN films were fabricated using a vacuum evaporation technique.
The photoluminescence spectra of GaN films with Zn source supplement
during the deposition showed a blue-light emission, whose intensity is stronger
than that without Zn supplement. Zn introduction during the deposition is
effective for the highlight illumination of amorphous GaN-based light-emitting

devices.

1. [T ®HIC

KEHE - xR EREF%2. GaN M
FRWTCERRT 2545, ERHERRORE
(HEREIRE) DEWC EHIERICRIEIC R
%, FTT. BVHEREENERTINAZWV
JESE - ZHER GaN IKBEHURNET /N A
ANDISHDRETH 2O MRETEIToTE
7z[1], AT, ThE CICHEBEAE
WALBYIER S FRHIE 2+ v VR EE
(CS-MBE)DOFEE AWV - —RDEZe7EE
ek, GaN HpERZME—DFER & LTI
seE GaN OHEREZITWV., TL 7 bail =
It VAR TFORMHKII L TWB[2],
FEFE GaN T, RESFENTEENICE
ZLEETRLEZIONS, TOXRES
. BEOZEMDORT S TIEFEFLIC
TS5, RRICKESFEKRICEST
BT 2FEND BH (3], B L%
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IKFEIZ, BAEEORT XX, BOFL
LEBMEMICH B[4], bNONHRET
%IEfAE GaN & Ga MEFEITH (2] F
BAREEFEGanbDEDEEZ TV 5,
Ga "6 DORMEEF 2B EEBIIE. 7
e TaEITD S BEE F—ETT B
TemEZT, Thu. —HOWRE LT
H%,

ZT T, aEE{czEHEL, i (Zn)
F—=F L% GaN OFIEZ A 4— Rz
TAHILICKY, GEEFORESN
5HEEZBEZICLUTCI5], EFAE GaN i< Zn
ZEHINT 5T &l Ui,

2. RER

GaN #iR (E#iE(LZER, 5N) & Zn
SECEMLZEERSE, 6N)ZZESRE L
T, Cr ZERE LIS AEMR EICHEREL
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Fig. 1 Typical Growth procedure of GaN deposition.
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Fig. 3 PL spectra of amorphous GaN films at

room temperature.
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HEBF AT bz & B ZnGeP;:Mn @ DMS & DORER
Observation of a DMS layer in ZnGeP,:Mn using photoelectron spectroscopy
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Abstract  The chemical states of the ZnGePz:Mn interface has been
clarified by a careful in-situ photoemission spectroscopy. The as-prepared
surface consists of Ge-rich, metallic Mn compound. In and below the
sub-surface region, dilute divalent Mn species as precursors of the DMS
phase exist. No MnP phase was observed at any stage of the depth profile.
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