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P.2
Blue and Green Photoluminescence from Zn-doped CuA]Sz

Igor AKSENOV, Katsuaki SATO

Faculty of Technology, Tokyo University of Agric. &
Technology, Koganei, Tokyo 184

CuA182 compound is the widest band gap member of the AlBBC6 -type ternaries
which is expected to be a possible candidate for the blue LED application
since it has wide enough d%sect band gap of 3.5 eVl), comparatively low melt-
ing temgﬁrature of 1245°C, and can be obtained of both p- and n-type conduc-
tivity.

Moreover, we have recently reported the observation for the first time of
an extremely efficient blue and green photoluminescence (PL) from the low-
res%§tivity CuAlSZ, grown by the CVT technique and subsequently doped with
Zn, Zn-doping having been carried out by the annealing of the as-grown
crystals in the presence of Zn in evacuated and sealed quartz ampoules.

As it has been reported, the PL spectra of the Zn-doped crystals exhibit
six intense PL bands in the blue-green spectral region (which were not ob-
served in the as-grown crysfali), the intensiti es of these bands being depend-
ent on Zn-doping conditions.5 Some of the spectra obtained are shown in
Fig.1.
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Fig. 1. The typical PL spectra of the CuA182 crystals, annealed in
the presence of Zn (amount of Zn: Zn;) for 50 h at the
temperature of 750°C (a) and 900°C (b%

.
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The spectrum of the crystals, annealed at 700-750°C, is dominated by a very
strong green G-emission peaked at 520 nm (Fig.l.a). The temperature dependence
of the G-emission exhibits two remarkable features, i.e. 1) the increase of
the emission intensity in the temperature region 280-340 K, which is believed
to be caused by the thermal depopulation between two defect energy levels, and
2) the very rapid thermal quenching at higher temperatures with the activation
energy of 700 meV. The G-emission is extremely strong up to the temperatures
as high as 150°C and can be clearly observed up to 280°C.

Rising of the annealing temperature up to 850-300°C causes drastic changes
in the PL spectra, the emission in this case being dominated by a strong B3—
band (Fig.l1.b). The Ba-emission dominates the spectrum in the whole tempera-
ture range of measurements (4.2-400K), the T-dependence of this emission being
also exhibiting an increase in intensity in the temperature range from 150 to
200 K, and the thermal quenching with the activation energy of 350 meV. The
blug emission is also quite strong even at RT and is visually observable up to
120~C.

a 320nm PLE b PLE
2K
- G - emission > Bs- emission
= = 350nm
7 n
2 z
w
z z
T T
1 | | ]
300 350 400 450 300 350 400

WAVELENGTH (nm) WAVELENGTH (nm)

Fig. 2. The excitation spectra for the G-emission (a) and the B3—
emission (b). Courtesy of Dr. T.Yasuda, RIKEN.

The PL excitation spectra (PLE) of the strongest emissions observed (G- and
B3—emissions) are presented in Fig.2. It can be seen that the Bg-emission is
excited directly through the band gap since the peak of the PLE for this
emission agrees welé with the spectral position of the free exciton emission
( 349.3 nm at 10K). ) On the other hand, the PLE spectrum for the G-emission
is quite complicated and exhibit two peaks at 320nm and 370nm, as well as a
shoulder at 350nm (Fig.2.a). The shoulder at 350nm corresponds to the band-to-
band excitation, the 320nm peak may be caused by the electron transitions from
the lower valence subband of Fé—symmetry to the conduction band, and the 370nm
peak has been tentatively attributed to the transit ions between the acceptor
level with the activation energy of 0.23 eVS) and the conduction band.

All of the samples, annealed in the presence of Zn at the temperatures
lower than 800°C, exhibit p-type of conductivity. At the same time the sam-
ples, annealed at 850-900°C, has been found to be of both p- and n-type. This
strange property causes us to investigate the crystallography and morphology
of the obtained Zn-doped samples.

1992.9.19.20 = THTHEEMM IR S



It has been found out by the X-ray powder analysis that the Zn-doping in
high concentrations leads to the drastic decrease of intensity of the chal-
copyrite lattice reflections, and gives rise to the new sharp reflections,
supposedly corresponding to the Cu,Zn_ phases, the intensities of these re-

: g 4 . : 2N .
flections being increasing with ghe rising of the annealing temperature.
Therefore, we believe that during the annealing in the presence of a large
amount of Zn the CuXZn phase is formed on the surface of the crystals, this
phase being growing into the bulk while the concentration of S-vacancies in
the original crystal lattice increases.

The formation of the two-phase system under the heavy Zn-doping has been
confirmed by the microscopic observation of the surface and the bulk of the
result ing Zn-doped samples (Fig.3.a). Tt should also be noted that the emis-
sion occurs from the "dark" phase of the samples, not from the "white" one

(Fig.3.b).

Fig. 3. Morphology of the polished surface (a) and the PL intensity
distribution (b) of the blue Bg-emission for the heavily-doped CuAls,.

Taking into account these results we have attempted to dope the CuA182
crystals with Zn in lower concentrations by annealing of the as-grown samples
in the presence of Zn in the amount, 10 times smaller than it was before, as
well as by introducing of the Zn-dopant (0.1 mol%) directly into the mixture
of the constitutient elements, used to obtain the CuAlSz compound by the
direct melting technique (the resulting compound was then used as a sourse
material for the CVT-growth of
the crystals).

In both of these cases the
bulk of the Zn-doped samples <:>
is single-crystall ine (no
structure shown in Fig.3. is
observed), and the PL spectra
taken at 70K from the bulk
(polished surface) are domi-
nated by the violet V-emission
peaked at 380-390nm (Fig.4).
The V-emission is very strong
at low temperature, but it is
quenched rapidly with the
activation energy varying from | 1 1
sample to sample in the range 350 400 450 500 550
140-180 meV. The previously Wavelength (nm)
observed B3— and G-emissions

Fig. 4. The PL spectrum of the CuAlSZ, annealed in Zn
(Zn amount: Zn2=0.12n1) at 700°C for 60 h.

390nm
CuAlIS,

Zn-doped

445nm

®
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are also present, although their intensities are lower as compared with the
violet emission.

The unpoli shed as well as slighly poli shed (to the depth of lO—BOpm) sur-
face of the Zn-doped samples exhibit the same two-phase structure as was
observed for the heavily-doped samples, and emits the same bright green G-
emission. It has been found by the progressive step-by-step polishing and
measuring of the PIL spectra that the intensity of the G-emission decreases,
whereas that of the V-emission increases from the original surface to the
bulk of the crystal, the G-emission being the feature of the two-phase struc-
ture, while the V-emission being representing the single-crystalline CuAlS:Zn.
The depth of the formation of the two-phase structure depends on the tempera-
ture and duration of the Zn-annealing.

Attempts are continuing to dope the CuA182 compound with Zn in the concen-
tration, high enough to cause the efficient blue and green PL, but, at the
same time, low enough to prevent the formation of the two-phase structure,
which can not be used as a material for the blue-green injection-type LED
fabrication.
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Table 1 Growth conditions

Cu source : CpCu - TEP (sub.temp. 657C)
H, flow rate 1000cc/min.
Al source : TEAI
0.10-0.15 gz mol/min.
Ga source : TEGa
1.0-1.4 gy mol/min.

S source : DtBS —O
63-70 ymil/min. —®
Se source : DESe —_
27-30 gymol/min. ®
Growth temperature
600°C ®:CUGa(S,Se)2
Growth pressure @:Cu(Al,Ga)(S.Se)z
760Torr (®:GaP(100)
ToTal H, flow rate Fig.1 SEM photograph
3000cc/min. of a single heterostructure
exc. Art 488nm 35K exc. Ar* 488nm
35K
CuGa(S,Se),/Cu(Al,Ga)(S,Se),/GaP o
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Fig.2 Photoluminescence spectra

Fig.3 Dependence of photoluminescence
spectra on excitation intensity
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(mot Jb) (A7s) (A/s) ) (A7s) ) c) Y
1£0.54:5.35 2 2.4 1035 26G.1 277 420 15 p.
1:0.70:5.35 2 3.1 1048 26G.1 277 120 15 P
120.73:5.35 2 3.2 1055 2G.4 277 120 15 p
1:0.80:5.35 2 3.6 1061 26.1 277 120 15 p
1:0.83:5.35 2 3.7 1067 26.4 277 120 15 n
1:0.59:5.35 2 2.6 1032 26.1 277 120 15 p ‘
1:0.97:5.35 2 1.3 1377 26.4 277 120 15 n
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K 9=1.004 L2 TOANINLT AL MMEEWO P TRS 1ITE
W, F725) —DDERNITA - LLTENEA2KXRTurH
AT %L, CulnSe, T, u=0.224L EHD % VKEDu=0.25
kD Lo,

ERMAKE (=1, u=0.25)0h Va8 54 + % %% % LZB
BiE L ERT AEOREED2I=y P EVEATE, SO0,
ZBHEOT VSV - V=D H B, X((0,0,2n/a)).
W((2n/a,0,n/a)). W((0,2n/a,n/a)) D3XHF T RICHFHH R I 5
W% B, BERLSVWEHIIL, AFRIMEAECHETLEI TR EK
T 272012, T(T), T(X). T(W) D LZRGLELZRNL, £l
KRQIBONFE 7+ ) V%R T, £72ZBDODT VI V- V=L D
MR EXK 1IC/RL 720

INRLEDHT, T ALyt - E-FTHoo 'yl
BLOLTODHRERERT, A, HHHEAEE T00)MHE,
(V0. (110)EKHLTRAEIT Y - ARZ PVERAET S
EWEko T, I VENRLRETOE-—F2AETAHILICHIIL
7o M2 ICZEDRREIRT . ()i 3Ganb DFRo 727 — ¥
(b)(c)(d)iE Neumann b5 D RN A RZ b VIT LB FER, (e) 4
DHRTH 2D, & BBE I TI()ICAgGaSe, D H G &G b
T L7,

LOLTONHRBRBERMEADEMICK- TROLNRTW B,

[J.F.Scott, Phys. Rev. B4, 1360 (1971)]
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DL, BEXXOENBERERD LI ENT XS,

MR e*cy=1-10. e*; =2.90 L.

NDEMBEHICBE 2w,
T3 o E/NE g

N ECulnSe, D p HFLCHEH

K FH7290.05

I NnidAgGaSe, D EMBEEO0.3I12HL N

Wirw ok L4

L TWBHBDOH»HHN LW,

% 1

Symmetry coordinates of the 21 optical zone- center phonon modes in CulnSe,. Atomic

positions are given by 4'(1)(0,0,0), '(2)(0 L4, B"1)0,0,—1), B"(2)0,1,— 1),
CYIX —4,x,— ), CV'2) (5, —x,— ), CV'3)(—x, — ¢, g) and C¥'(4)(x, 1, 1).
' (Cu) B™ (In) CY' (Se)
F‘]”[Wl] 0 0 +y1*y2*x3 +X4
(W] 0 0 +x,—x,+y;—
Ey [ Xa] 0 0 +z,tz,—z3— 24
X, ] +2z,—2, +z,—2, 0
e (wyl tz,—z, —z1tz —yity,—x;+x,
ro(w,,] +z,—2, —z,tz, Ty —yatx;—x,
rY'[Tys) +z,+z +z,+z, =7 = 75—
r\'8'[Wz/] +z,+tz, —Z17 2 +x,—x;—y3tya
Fﬁtg)[WZu] +z,+2z, —Z17 2 —x;tx,+y;—
O[T 6] +x, +x, +x,+x, =X, —X;—X3—X4
F(sm[Xsl] Ty, Ty, —XxX;—x;tx3txy
r$'2(xs, ] Ty - +yi— +x,+x;—x37 X4
r$rws) +x,+ytx, 72 —x; =y —xtp 0
LS Wy +x; =y tx,ty; —x;ty,—x,7 0 +z,—z,
I ]5)[W4u] +x; =y +x;ty,; —x;ty;—x27)2 —z,+z;
FHG)[ 5] +yi+y, +y+y, V1T Y2T Y3 Vs
F‘”[ /] —x;+x; —x;+x; +y1 2=y Ps
[X ] —x;+x; —x;tx; Vi1 yatysty,
F“g[W ] —x;tytx;,ty, +x,=y1—x27 )2 0
F(ZO[W ] +tx,+y—x,ty, —x; Y1 tx;7 )2 —z3tz4
e[ wy,l +x,+y,—x,ty, —x,—y1tx,—y; +z3—z4
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WAVE VECTOR

@ 1 Schematic drawing to show the relationship between the dispersion curve of the phonon branches in the related zinc-
blende-structure (ZB) materials and the chalcopyrite zone-center phonon modes. The energy ordering of the phonon modes is given
by our present experimental results.

250 - D .DB—
0o 0o, Og, | °0E
o H= DB i 0o QQD— o

150 = -

200 |-

PHONON FREQUENCY (cm’™")
)
o
|
|
1

[34
o
L]

@ 2 Summary of the observed phonon frequencies. Open circles, closed circles, open squares, and hatched squares show the
I, T3, Ty, and T's modes, respectively. The upper and lower sides of the squares represent the frequencies of the LO and TO modes,
respectively. (a) Raman data by Gan et al. (Ref. 1), (b) infrared data by Riede et al. (Ref. 2), (c) infrared data by Neumann et al.
(Ref. 3), (d) infrared data by Neumann (Ref. 4), (¢) our Raman data, and (f) infrared and Raman data of AgGaSe, by Camassel, Artus,
and Pascual (Ref. 14). Only our data are taken at 100 K, and all the others are at room temperature.
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CdInGaS:2Znln:S DERIZHTDENNRE

SHORER, ZEEeRy (BaxETor) o hlAsE GREEREET) |
RS, ALZR= (REERT)

1.3 0 &I
ﬁw:A474b%L%%o—ﬁmA%# FIEICAANDABEM (#il. CulnSe. KE5E:M)
AMOTND 5D, BEZFNSDOMRIITERICL->TETNWDS, LrL. Bxhdnizzhnli
FDETALADIONWTOIHEIZH TV EL L, ZFOHT, Wl APICdInGaSd. FLE K
ZLDMEBITONTVWDIYMETH %, CdinGaS,id. (1)ZEBTHWAMILI RV AERT,
() BE M., QBIEREELZFLYA ARIIAEZHT 2. ZE0RE»H D, TROE
ZOHEEYME Tdh 2Cd:InGaSe ». MERBREBEE THWRERLAZRT L BRVWEIATY
%, 1) X52CdInGaSsld. HERTERETE M CdInGas,
BEREZLDTED, X7 rAN—t v —#E L
LThbEHINATWD, —FH. Zxlbt&¥Dinin,-
Se 1ECdInGaS, ¥ O SEELERL,. Z0ER A
B - REHIHERIBRBSUTWS, 39 R1IZFD
fEEEE (CdInGaS,) 2§, FEREE I ERIKER
T. ZERBEEC:.°RIMICET 22, NARBEMNET C
2 %% &CdInGaS,Tld a = 0.3858 nm, ¢ = 3.70 nm,
ZnIn,SsTlxa = 0.385 nm, ¢ = 3.706 nm & &L
F—F L., cEiARICERD TR WEME L %2 -
méo;ﬂb@%mﬁA%ﬂ K[ EFEHME
B AN TV E2., MEBENEEDE NERF
HIZOWTIIRRITZEALERARSNTIIW R D -5 Tz,
SEHE 23 BEUORREE 27 > CdInGaS, & Zn- A
oS OV THRRINDEKEKRFELHAHEL. 0
S5NITZLF— -+ Fr vl WXHOWTHREHET-> 2D , ,
<. HEERIS L THRE T 5, ABCAiCABCIBCAB
1 . CdInGaS, Dt &g &

2 . EEE

CdInGaS; & Znln. S, D BAE&IE. I —F@WBEFIC LV ERI 2175 2. AR E S L ERI RIS
BU2EBRBEODFHENY —»5KDH. CdinGaS,; TI28.7 um ZnlnoS,Tid1.3 um &K
Oz,

K2ICARNAEREEE LOBEREDREODIATEYRT7VEL - CLOMEZRT,
KIZART LD, EHR0.3 mEEORDLNWEEBREI A 7E Y7 Y ENLDRBICIZX A K
OFICAR EHBEALE— EHEE (4: 1 F )L - AFLT7ILIA—)) ZANLETH
SEMT LT, MRaBHKEAZLBNIIMA 22 LK, EATLIDL Y E—0%
Ve —iICBELHEEAMEX Y. ZOREBENTEILL (ENEME L OICRERANICS T )
T2 LAEFAL T ENEFEIT DL BHEKD,  KRHlIE TIZ35 kbarX THENEE(LS
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TRANSMISSION Lamp

= r

,LChupp:r
Pre-am ] : DE}
’ T.C. J
) | — !
Lock-in —f = ‘
PM High Pressure Cell
Amp
— from Choppe
(Reference Signal)
S High Voltage
Power Supply

X2 . RINHEEEL, YA4AT7EFYR7VEL - BILOKEK

. ORFTRUX—#FL6 - 3.5 eV THRRBEADHEZIT > 2o RRBHEBORLEIX. K
DR (1) pS5kD 7 (EBE) -

It= [Tg(1-R)2exp(-ad)] / [1-R2exp(-2ad) ] (1)

22T, Ise. R dlid. ZNFNAGNHEE, REEX ABREXZRT. REFRIARJEDS
EOEEMERHL 7z, XRRIAE L. EHOEMAR & EA AR OGN TITV., 7IER)
THDZ L HMERL =

I MRRBLUER

X 3 & 4. CdinGaSs & Znlne S, D HIRIREOETEZNT A I —L LERXRTFT XX —IK
FHEEZTRT, WIFNOLENDHENE LGS RLF A7 LTV ZEBb»D, Zh
5Dz eid. CdinGaS: B LV Znln S, TIXENDOEME LI X LF—F v » THHEARL TND
TEERLTWD, T ZnlneS;13CdinGaSs & D AR E X B/NX 7z, & D &S0 ERINRE
BELSN TN D,

—RENC RN R a L T T RV F—hy & DREIZIE. RISRTEARBH B,

(ahv)"™ = Alhvy - Eg) (2)

CCZTAIZER. n IIEBAREZEXRINTHY. n=2 JEEFEHREB. n=2/3 JEERELER.
n=1/2 IR HEER. n=1/3 IMEBEXELEB LIFIEN TS, CdlnGaS: & Znln.S: DEHB
FRICOWTIRBREZT THAICRAXRXSATIRIWZ VWD, BEODERER,LS. AIZFIMERS
ERA BRBIEERFAEBRLRELT. T—20@MEIT-> 1z, 2% X513 CdInGaS: D
(ahv)!2 ZRFITRANLF—hviIZHLTTay bLEZbDTHD, K6IZIE. ZnlnS,s D
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Absorption Coefficient ( 10%m! )
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Absorption Coefficient ( 10%m )
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3.8 : 3.4
[ I ZnInZS4

35| O:odingas, — |4
> [Z—e - -
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2 32 _—‘I’—P;}ﬂ’ } ? 28 @
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7 .CdInGaSs & Znln, S D T RN F—F v v TENIKTEM

(ahv)eEHXFIRILF—hvicdLTTay b LEZHbDTHD, FNFN., (ahv)i72 =0,
(ahv)2 = 0 DRFZRZALF—DELS. CdinGaSDMEFEHEX v v 7 L InlnS. D BEHEHA
Xrv 72RO EDBEFKD, XTI, CdinGaS:DREEHAF v v 7 (O) £Znln, S, D EHE
HBEX v v T (@DENKGHEART, KREDEFNFhOEIR. XHBEL —HT 2., T2
X¥—Xv v 7OENERE. dEg/dPidCdInGaSs Tid (+4.1 £ 0.3) x 10°° eV/bar. ZnIn,Ss T
2 (+4.9 £ 0.6) x 10°° eV/bar &K E V. ERBEDHEATHEIT KT 5. TNS5DIE
. H-VIB/L &Y FEEERCISOBZEDEIZE W (+4.55 x 107° eV/bar), 7’ CdInGaSs & Znln,-
SOIEH A RS EL I BEEEBPEUDEZDEFNSGDITRLF —F v v TOENREE—
Bo2LEBZOND, LHPL—FH CBSIEEDZLEYME IERBEBELD IO PLDLS
THENMRBEI—HLTEY., ChoDETILEMEERDBETREOEREVBHLETH D, &
. SOBEBWENEETORBNAE. Kb LIxty 2OENTKFEHEE. EEF TO X
BERITEDS. cho DS TtEMEBRDOIRFNAHEE T 2 ERAREYR D,

#EF: BEBRICBOL CWREVWEZEBERETYE MBS —KRICEHHNEZL T,

=

1) T.Irie et al., Jpn.J.Appl.Phys. 25, 922 (1986).

2) T.Toyoda et al., J.Appl.Phys. 62, 732 (1987).

S.Shionoya and E.Ebina, J.Phys.Soc.Japan 19, 1150 (1964).
A.Anedda et al., Solid State Commun. 29, 829 (1979).
H.K.Mao and P.M.Bell, Science 200, 1145 (1978).

T.Toyoda et al., J.Phys.D:Appl.Phys. 18, 747 (1985).
B.Batlogg et al., Phys.Rev.B 27, 3920 (1983).
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InS-CuGaSe ATIEAAAT-ROERGETL) b A9 YA
B KFIFEE  REGE, BLILBE—. SN, &1+

1. LB
FRRENEA T — RIFLABHROLERELEL TN, ZhEx [ - —-VI: BAIVINAS
A FEVEERTER UL D & T 58 %, CuibEWTIL. Fig.l DEBETRHALLESHNI. EDER
EOMERIMEHC R Y D B,

ZODOWT, CuhlSe, XHFAFRICHIET 2HBHREE AL (SHEBMDISe L IREFL) . HHix
FHMETH D, FEBUEES TOEFB T x MVI Ry Y X (PL) HMERESH TV,
—Fi. MRYFIKY. CuGaSz & CuAlS, DEEHCUAL. Gai x S » DHBFIHE DRI
YIB5ZEMEREIN, ERIBHRTHEAOPLAMIERIhTWSY ., ERICBITHEEBHIVI
FoEYRA (CL) Tk, BEEHBICKRSLRIEAIDHLIDDD. x=0.5 TR EIZH BT
LG E N2, FD T b TRIVF TR TF TRIVF— K YOPRENA, 2.43e V( x
=0) »H2.88eV( x=0.5) OHETELT 3.

T T T

’é AAgInSe;  ocdse OinTe
D EMS, WYX %—'ﬁg/“‘i~ ;OGO_ CuG.chez AgoaAsezc:Arre A AgAISe,
Cubly Garx S 2 KKDHEIISAA—ROE  Z [,  sbs © woos
= OZnSe A AgHS,
BANMSEN G, EESR. Chedsiicps, 2096 ook Pums e,
IS CunS; >~ o
STEORAOBE—HF2LUT, x=0 Emwbs  w |8 " O
— g - L e 1 Catsy
CuGaSz ) DBBIONT. BERRSA A —F  £0°%70 50 30 70
I ENERGY GAP (eV)
HERLUE#HHER BRI & IC U Fig.1

2. ABHKHA

CuGaS, 13:@% p ILAMEHNEN. nBIXESNRWDT. nfBMFHIT < &6 HE
DI —VIELEKRE ONFUBERRA U nBEEEE UTE #TEBMEEIHX < SV,
IR ALINS BRAE, ZZ T, CuGaS: F@IXIVEBELETHERLEDDT., BHi¥E
T A DI, GRESHERHT0 CTRAER, 2B LEbDTH S, 2o ( {112)m) 1<
nS 0.2 ~ 0.3 mBEDEZIDH K DICEEREL =, ZERIOTENR (K5 &Lk
Mol InSPOBHEIINIHEE 1 mmOMEICALE. CuGaS, fIDEHIIIEREY. HEREL -,
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3. ERER

Figure 2 X500 (1L, AIEBIIEZAICNAS Y ALEE E&IFHEF5) 1IN1 7 AL
EQERTL 7 FVI Ry BY X (L) ARY FVTH D, KETIES14 nmihikZdua e 9
LR . 800 n mAEE HaE T ABD T, T — REERIRNHEDSED D,
D LSS5 2220 KOBITHiRI LI, ERIDFEAEFOEIEGHKRE L b,

FORNTEREULSHARD DI, EOEPTE L ARY MVE 93 K 5291 KOmRESHTHI
U FORED 8 (FEZ-1) %Fig.3 IGRT. 93 KTRMFOE— U HREH 514n
nAEICH L0 (M) | BEERCIMCRHRICY T NS5, $EREALEAT LMWLV
HEMONERREEEDIERT 200902 (H, ) . ZOEEENORENEOEROMLH IiLE
Huia(§fﬁ$&0‘£<£n&w%®(ﬁﬂkﬂ%&ébnwﬁ@@mﬁgé6§@\H1

WEYEIERRMIC KNS (He &) b G RS0 rnn, _A-EXCITN
HI-3) b5 5D, ZHDOWOE— I BEOREWK i,
[#EIFig. 4 1RT EH I, ARETFDEhKY %
HRENWZED DM D, 62.40
MEHHEHASTHRRT SO LT, T U
s L
EEHC K> TRRS, LEMST. ZO®ET
. HBIEZ AU B h W T, Mir& 8L 230} o0 |
{ARDHZ EILT B, , . 1 : 1
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HD 93 KILHTDE LARY MUEEOE =20 514nmildH Y. Wagner S &Wagner® *’ D%
L (# 518nm) XWOPEBERIMNIELTWAD, ULAHALESDHUEBHEL TWAHP LR
RY PV EBKREMEDI L LU TWDH, ZOMEICPLE=20H 252 L i3MBIcb8EDNH S
M8 ZHIES 7oV TR < HBAD- AMNREHEZEZ SN TVWS 517~ 518nm (2.39
~2.40e V) OFRA 2 XYOVHERTH 5,

ZIT. STZ-IVERTRERXZZT. ZOBEEHEOPLARY MV (He-Cd V—HhiE)
RHEMICHELUEE 25, Fig.h \GRT EIIHER T SI7nmibEOREDBHBTH H0. BE
DHESFU. 100 KEEICRD &, FRX)OVEFEETH S 513~ 514n mBORNEIMBET 5
XImRBZ EN Moz FLT. ELARY MUERABRHISRS KDL, ZoFRE B e
BHKL 8T 5. 517n mDFNIK. BEEERIAEL Y D- AMRBNELZEZSNDH. 513~
514n mEBEDORNADBFEFTDE ZHFHTHDH. UL, ZORFEXY. KEBICHITHE L
CuGaS; F5E@TELTVWAERRTEHLTH S,

291 KILBWTHELOY—24@&E (# 540n m) 1. Vagner  &Wagner®: 4 A7V REIE S #T
Wag Ufz CdS-CuGaSz A A4 A — RDE LE—=JiiEE K< 8T 5, FARILER DFH D T
D BHEEESOBAILEE— R LD THLTHREIEV (BUKETIE—8 LW ,

SERTIEP LOBENELS LT HDOTEEEDARY FVERREL TV, UL, Eilt
WKHITHCLARY MU, # 5100 mOBWRAAFIC 550n mAHEICE b oK >R T 10— R
RN ERS TWVWDHY . 20 550nm (2.25e V) ORMEELE—2(540nm) & FH—HULIC
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BRDWEHERU ' o ShERTHEDIC. InSIEEZEBEL =, Al-CuGaS, #EEDH T & ERL.
ZDELARY MIVEIEL 2. 100 ~220 KOEERHT, AlEBIIEAIINS 7XTEHE. &
EUERAE LABEE N SRTH. RIRTHROAFLIIBRTE DN, FLETARY MVD
eI E - TR, 100 K & 220 KIZHITHANRY FIVEFig.6 1Rd . ZH%Fig.d @
ZnS—CuGaS; DOMHFE LT HbHE. HHEDARY MVEREMEIEL LK B LTWAHZ & D)
Moo iz, Al-CuGaS; & THONLFEL—IiERFig.d ILBERTI Oy FFHE. Ehn
IZ 7ZnS-CuGaS; BEDOMHE —HT D, ZDZ D, 2 e H220 KB TORETIL. MAE
CuGaS; FEWMTELTWAHEHRTE S,

Figure 4k ¥). 7ZnS-CuGaS; #&:&EDEHICHITHMANHOE — 2 i BITAl-CuGaS, HEEDE L
V—IMEDREH LILHDZ DI 5D. 2k, BRICEITHE LRI ZnSHE 5L T
eV, §HH CuGaS; FimTEUTWAZ RIS HHLDTH S,

1. £&9
InS-CuGaS,; N\FOES XA A —RE#HH L. IBK~291 KOBRESHTHIEEATZL 27 Oy

IxvtryA (EL) #8188 U 7, ELARI MVE Ix MVI 9BV X (PL) ARV ML
DX EEFELU A, KB TIXE LICHIT % CuGaS, DP LENHNMifET D2 L. ->TEL
i3ZnS BT, CuGaS, M TELTVWAZ LA Dotz BB T, BIEXN/ZE LICHIEG
THPLVRBREBHNI Ry YA (CL) MEEENTWRVWA,  InS% ViR A1-CuGaS, & A
F—KDELMHRIT 5 &, BRTHEABE 11X CuGaS, &M TEUTWHIENMSV.
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