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CRYSTAL GROWTH AND CHARACTERIZATION OF AgGaS-:

K.Masumoto®'® and K.Mochizuki®
*Department of Electronic Materials Faculty of
Science and Technology, Ishinomaki Senshu
University, Ishinomaki 886 Japan
®*The Research Institute for Electric and Magnetic

Materials, Yagiyama-minami Sendai 982 Japan

Phase diagram, crystal growth and lattice defect
control of AgGaS: were investigated. Optimum
growth conditions were examined for both vapor
and melt growths. The origin of PL was discussed
in connection with the controlled lattice defects.

AgGaSz, a I-III-VI. chalcopyrite type semiconductor, 1is expected to be one
of the candidate materials for a nonlinear optics and a blue emitting diode.
In this study, an attention has been paid to some of the important and basic
problems and they are as follows : (1) To clarify the pressure-temperature
diagram which is indispensable for compound semiconductors. (2) Examination of
growth conditions 1in obtaining high quality single crystals for both vapor and
melt growths. (3) Assignment of native lattice defects responsible for the
obvious emissions observed in PL spectra. The emission mechanisms of the lines
newly observed in the band-edge region are also discussed. (4) Attempt of
intentional Zn-doping which aims at selective substitution of Zn for Ga site and
p-type conductivity.

(1) P-T diagram of AgGaS-:

To the author’s knowledge, so far, a P-T diagram of AgGaS: has not been
published, therefore 1in the present experiments, the diagram was made by the
visual observation of surface melting /1/. Solid and broken lines in Fig.1
shows the lquidus of AgGaS: as a function of the controlled vapor pressures of
sulfur (Psz). The liquidus temperature decreased gradually over the teamperature
range of more than 100 K with decreasing Ps:. This is the reason why the melt-
ing point data reported so far /2,3/ is so scattered. From the figure, stable
range of solid phase became clear.

(2) Growth conditions and characteristics of grown crystals
(i) Chemical vapor growth by iodine transport method /4/



Fig.2 shows a typical growth rate as
a function of the amount of 1od1ne as a
transport agent. The behavior is quanti-
tatively explained by vapor diffusion of
gaseous molecules which limit the growth
rate /5/. The as-grown crystals were
transparent yellow and 1in two forms. A
relation between crystal form and growth
condition 1is shown in Fig.3, and good
single crystals in rod form were obtained
at the transport rate less than 10 mg/day
and at the growth temperature higher than
1150 K. The dimensions of the biggest
plate crystal were 6X5X2 mm®. As shoﬁn
in Fig.4, the PL spectra of the crystals
were dependent on the amount of iodine
and they consisted of red band (2.02 eV),
green band (2.48 eV) and blue peak (2.63
eV). Bgnd edge-emissions with the energy
close Ato 2.7 eV were observed oniy for
the crystals. with the iodine less than
0.18 mg/cn®. From the fact that the
emission intensity of the free excitonic
line for the grown crystals decreases
with increasing the quantity of iodine,

it was suggested that wunidentified non-

radiative center was created in the
crystal by the incorporation of iodine.
(11) Growth from the melt
Bridgman and G. F (Gradlent Free21ng)
methods were used fron the melt growth of
AgGaSe. Growth parameters such as growth

rate, temperature gpadient at growing

interface and source composition were

changed to bbtdin a good quallty 51ngle

cryétals. Transparency and the 51zes of

the grown crystals depended effeptively
on the growth conditions. Growth rate
less than 11 mm/day is required to obtain

single crystals of the size larger than
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Fig.4 Photoluminescence
AgGaS2 single crystals. The amounts of
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and (d)3.53 mg/cm®, respectively.

spectra of

iodine were

When the source compo-
with G&‘z Ss (Ag2S/Ga=S3

untransparent yellow crystals were

10X5X3 mm3.
sition is excess
<1),
usually grown. Transparent clear crystals
were grown from the source with stoichio-
metric or Ag:-S excess composition.

Fig.5 at 4.2 K of

the crystals grown from different source

shows PL specra

compositions. Clear band-edge emissions
were observed for the crystals grown from
the melt with the source conposition
(Ag25/Ga=53) = 11/9
On the other hand,- near

ratio (Ag2S excess
composition).
band-edge emissions at 2.63 and 2.673 eV
| tﬁe
grown from the wmelt with the ‘source

(Ag25/GazSs) = 9/11

newly observed for

were crystals

composition ratio



(GazSs excess composition). In the case that the source composition is excess
with GazSs, the composition of the grown crystal should deviate from stoichio-
metry to the side of Ga and S excess region and this means that native defect
like Ag vacancy will be created in the grown crystal. Therefore, the observed
near band-edge emissions seem to be related to Ag vacancy.
(3) Heat-treatment of AgGaS> and a relation between the origin of PL and the
controlled lattice defect
(i) Heat-treatment in sulfur vapor
Fig.6 shows PL spectra at 4.2 K of the crystals heat-treated only under
controlled Ps2. It is known that near band-edge emissions at 2.63 and 2.673 eV
disappear for the crystals heat-treated under low Ps. and appear again under
high Ps2. This supports that the emissions are related to the defect like metal
vacancy.
(ii) Heat-treatment under controlled vapor pressures of two constituent
elements
Fig.7 shows the heat-treatment apparatus for specifying the two component
activities of AgGaSz. The sample was put 1in the sample chamber together with
GazSs powder or AgGaSz powder having 5 % Ag2S excess composition and heat-
treated under controlled Ps-. Fig.8 shows the PL spectra at 4.2 K of the
crystals heat-treated with Ga=Ss powder under controlled Ps-=. As seen in the
figure, the intensity of the near band-edge emissions observed at 2.63 and 2.673
eV increases with increasing Pse. This suggests that the emissions relate Ag
vacancy or sulfur interstitial (Si), because Ga element 1is saturated on the
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(iv) Emission mechanism of PL in the
band-edge region

Band-edge emissions close to 2.7
eV were clearly seen for the samples
with metal excess composition and the

typical PL (solid line) and reflection

(dashed line) spectra are shown in Fig.

10. Three lines with the symbols of
Ex, I- and I. were commonly observed at
2.699, 2.695 and 2.688 eV. Based on

the previous results /6-9/, these emis-
sion lines were already assigned as the
of

excitons (Ex), excitons bound to a neu-
(I. and I.),

radiative recombination free

tral donor and acceptor

On the
heat-treated with

excess coamposition

heat-treated sample. contrary,
the crystal
of Ag2S

under controlled Ps.,

when was
the powders
the corresponding
near band-edge emissions were not seen.
This fact as a possible
defect responsible the
Accordingly, as was stated in the section
of (2)-(ii), Vag is related to the

emissions observed at 2.63 and 2.673 eV.

eliminates S,

for emissions.

(iii) Ga-dipping

Fig.9 shows the Ga-dipping effect on
It is known that a broad
at about 2.48 eV
The origin of
but Ga

to this emission.

the PL spectra.
and dominant emission
disappears after dipping.
not clear now,

this emission 1is

vacancy might relate
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Fig.9 Ga-dipping effect on the photo-

luninescence spectra at 4.2K of AgGaS.

single crystals. Solid line : PL

spectrum of the crystal heat-treated

in Ga solvent, dashed line : typical

PL spectrum of the as-grown crystal.
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¥here, Ex(n) is the photon energy due to
radiative recombination of free eXéitons o
in the nth excited sfate, E; the energy
gap of the material, R«  binding energy

respectively. It was found that the
emission intensity of I:, related to an
acceptor defect, increases and that of
I. line, related to a donor one, de-
creases respectively with increésing
Ps2. The dependence was - the same with
those observed in II-VI compounds /10/.
However, the relative intensity change
of (I+/I=2) is very small. New emission
A to D lines, not reported so far, were
observed in the region with the energy
higher than that of a free excitonic
line and the detailed spectra are shown
in Fig.11. Their emission energies are
2.708, 2.715, 2.720 and 2.728 eV, re-
spectively. ThE C line seems to be
related to the excited state of free
excitons (n=2) from the agreement of the
emission energy with that of’2nd struc-
ture in reflection spectra /6,7/. Con-
cerning to D line, there is a possibili-
ty that the emission 1is related to the
3drd or :4th excited state of a free
exciton., Then, the energy was estimated
by a well-known eq.(1) /11/,
Ex(n) = E¢. - Rx / n%2 .. (1).

Luminescence Intensity (arb. unit)

of ground state free excitons. If the ‘

energies of ground (n=1) -and excited 590 S T a5 7 993 294
(n=2) states of free exciton correspond Photon, Energy / eV

to 2.699 and 2.720 eV, as was confirmed Fig.11 Detailed photoluminescence
from reflection spectra, the unknown spectra at 4.2K of A to D lines.



values. of E; and Rx are estimated from T T T T T

eq.(1) as 2.727 eV and 28 meV, respec— , ‘ at 4.2K
tively. By using these values of E, and Iy
Rx, the emission energies Ex(n) in the
Jrd -and 4th excited states of free
excitons are estimated at 2.724 and
2.725 eV, respectively. The eaission
energy of D line rather agrees with the
band-gap energy at 4.2 K. This suggests
that D line is due to the optical tran-

sition between bands. To speculate the
emission mechanism on A and B lines, the
one method 1is to compare the emission
intensity of A to B to C lines with that
of I+ to I- to Ex lines. Intensity

ratio of each emission in the : former

Luminescence Intensity (arb. unit)

group is similar to that of the latter -

group. This suggests a possibility that
the relation of A and B lines to the C
line might be the same with that of the
I, and I. lines to Ex line. 1In other 1

1 1
: : 2.680 2.690 2.700 2.710
words, A and B lines might be due to the Photon Energy / eV

radiative recombination of bound _
excitons in the first excited state Fig.12 Photoluminescence spectra at
(n=2). Kasuya et al. /12/ proposed egq. 4.2K in the band-edge region of the
(2) which estimates the energy levels of crystal doped with Zn.
the excited states of bound excitons for
the study of ZnSe.
E(X2¢,Di1s) = E(X1s,D1s) + {E(X2s) - E(X1s)} (2).
Where, E(Xn.s) 1is the emission energy due to the free excitons 1in the ground
(n=1) and first excited state (n=2) and E(Xas,Dis) the emission energy due to
the ground (n=1) and first excited state (n=2) excitons bound to a ground state
neutral donor (Di:s). Eq.(2) can apply to the excitons bound to a groud state
neutral acceptor (Xis,A1s). The emission energy of E(Xzs,A1s) and E(Xzs,D1s)
due to the first excited state of I, and I- lines can be estimated from eq.(2)
at 2.708 and 2.715 eV, respectively and these agree with the emission energies
of A and B lines, respectively. Therefore, A and B lines are due to the
radiative recombination of bound excitons in the first excited state.
(4) Attempt of intentional doping of Zn
Doping of Zn was attempted to obtain the sample with p-type conductivity.



Zn was added to the charge for the melt growth, aiming the substitution of Zn
for Ga site and so, the same amount of Ga in the charge is replaced with that

of Zn. Fig.12 shows band-edge PL spectra at 4.2 K for the sample grown from

the charge with 100 ppm Zn. It is known that I: line and its excited state are
only seen. This is the possible evidence that Zn is replaced by Ga and p-type
conductivity.

The authors would like to thank to Profs. Y.Furukawa and Y.Noda at Tohoku
University, and Mr E.Niwa and Dr. N.Nakamura at The Res. Inst. for Electric and
Magnetic Materials for helping the experiments and discussing the results and

encouragements.
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SOLUTION GROWTH OF BULK CuGaSg9 CRYSTALS

Hideto Miyake and Koichi Sugivama

Faculty of Engineering, Mie University, Tsu,

Mie 514, Japan

Growth of CuGaSg chalcopyrite crystals at temperatures
below 1000 °C from In solutions has been studied. Bulk
single crystals of CuGayInj_4So (1-x~0.05) have been
grown at 930 ©C by the traveling heater method (THM)

using zones of In solution containing S-excess solute.

1. Introduction

Bulk single crystals of chalcopyrite compounds are required for both device
application and detailed characterization of the compounds/1/. Recently, bulk
crystals of CulnS9/2/ and CuGaSey/1/ were obtained by the THM growth with In
solvent. For CuGaSg, detailed optical and electrical properties have been
investigated using crystals grown by iodine transport and melt growth
methods/3/, but reports on bulk single crystal growth are rather few. Solution
growth technique using In as a solvent/4,5/ is promising for obtaining large
CuGaSg crystals, as in the case of CuGaSegp/1/. We investigated the phase diagram
of CuGaS9-In pseudobinary system and revealed that there exists a miscibility
gap in the liquid phase; i.e., the In solutions saturated with stoichiometric
CuGaSy solutes at temperatures below 1020 °C are separated into two liquid
phases (S-excess and S-deficient)/6/. On the basis of the result, we obtained
relatively large single crystals of CuGayInj_-4S2 (1-x<0.06) by using the
solution Bridgman method (SBM) with S-excess In solutions/7/, and by using the
THM at 1050 ©C with In solutions containing a stoichiometric CuGaSg solute/8/.
However, for growth of high quality bulk single crystals without strains and
defects, it is desired that the THM growth is performed at lower temperatures.
S-excess non-stoichiometric CuGaSg solutes are required for the solution growth
of CuGaSg chalcopyrite crystals at temperatures below 1020 ©C/7/. But the range
of amounts of the excess sulfur for the CuGaSg growth has not been determined.
In this work, we investigated the range of the excess sulfur for obtaining
CuGaSg chalcopyrite crystals from In solutions below 1000 °C. THM growth of bulk
CuGaS9 crystals was carried out at 930 OC using zones of the S-excess In

solutions.



2. Compositions of solutes in In solutions for growth of CuGaSyp at temperatures

below 1000 ©C

For investigation of the growth conditions of CuGaSy chalcopyrite crystals
from In solutions, the SBM growth was emﬁloyed/7/. The amount of a mixture of
elemental Cu, Ga and S for the solute was 6-8 g, and that of In used as a
solvent was about 5 g and was taken as Ga:In=1:1.5. The atomic ratios of the
solutes are listed in table 1. The purities of all elements were 6N grade. They
were inserted in a pointed carbon-coated quartz ampoule with 9.5 mm ID and were
vacuum-sealed at lbO mnm in length. Preparation of In solution from the mixture,
determination of the 1iquidus temperature and SBM growth were performed in the
same way as in refs. 6 and 7. Thé liquidus temperature for the In solution
containing a stoichiometric CuGaSgp solute is about 930 ©°C, and that for the In
solution containing a solute with a composition of Cu:Ga:S=1:1:3 is about
945 ©C. The lowest portion of the grown crystal, that solidified initially from
the In solution, was used for characterization. The crystal structure was
examined by X-ray powder diffraction (XD),' and the composition was determined
using energy-dispersive X-ray microanalysis (EDX). Existence of two liquid
phases was examined in the same way as in ref. 6.

Figure 1(a) shows an XD pattern of the crystals grown from In solution
containing a solute with a composition of Cﬁ:Ga:S=1:1:2.4. The crystal was
confirmed to be single phase with a chalcopyrite structure. Chalcopyrite
crystals were also obtained from In solutions having solute cdmpositions of
Cu:Ga:58=1:1:2.7-3.3. For In solutions having solute compositions of
Cu:Ga:5=1:1:2.0-2.3, the solutions were separated into two liquid phases at the
liquidus temperatures, as described in ref. 7. For In solutions having solute
compositions of Cu:Ga:S=1:1:3.5-4.0, growth of dgrk red crystals was observed at

the lowest portion of solidified ingot. Their XD patterns indicate'zi cubic

Table 1. Structures and compositions of grown crystals and numbers of liquid

phases at liquidus temperatﬁres.

“ solute "~ grown crystal . liquidus . liquid :
atomic ratio¥ crystal . composition. .(at.%). temperature phase
Cu:Ga:$S structure** Cu Ga S In (°c)
1: 1:2 Ch 25.7 24.0 49.2° 1.0 930 two phases
1: 1:2.4 "Ch 24.7 23.5750.5 1.3 ‘ S ot :
1a 15287 Ch . 25.4 23.7 49.9. 1.2 940 .

1.4: 1:2.7 Ch 25.5 24.1 49.6 0.3 single
1¢ 133 Ch 26.7 22.2 47.8 3.3 945 . phase
10 1:3.3 Ch 24.9 18.4 50.0 6.7
15 1:8.8 287 17.%5 45.5 18.3
1: 1:4 25.2 18.6 42.5 13.8

*  Amount ot In solvent is taken such as Ga:In=1:1.5.

¥* Ch:chalcopyrite
*104-



structure, as shown in fig. 1(b). The

(a)

crystals are considered to be

Cuy(Gaylny_y)5S7 from  the composition

(312)

determined by EDX, but the structure was

unknown. The experimental results are

(220)
_%551204)
ETHS)

also summarized in table 1.

(b)

(11

3. Single crystal growth by THM 3
N

3 9 = .5

Q o2y

The THM growth of CuGaSo was x1/3 e jt =

2 ; bnec — . tj\~N

carried out at zone temperatures of 30 40 50 60

about 930 ©C. On the basis of the above 269(deg.)

experimental results, we chose the In Fig. 1. XD patterns of crystals grown

solutions with a solute composition of by SBM. The compositions of solutes:

Cu:Ga:5=1:1:2.53, which correspond to a (a)Cu:Ga:S=1:1:2.4, (b)Cu:Ga:S=1:1:3.5.
single phase and from which chalcopyrite

crystals can he grown. For the THM, a pointed cafbon—coated quartz ampoule
(10 mm ID and 80 mm in length) was used. After indium ingots of 2 g and sulfur
powders of 0.2 g were charged at the bottom of the ampoule as initial zone
material, and a CuGaSp polycrystal ingot of 10-15 g was inserted as a feed
material, the ampoule was vacuum-sealed. The ampoule was then inserted in a
vertical TIIM furnace/8/, whose temperature profile had a maximum at 960 ©C. The
THM growth was performed by lowering of the ampoule at a speed of 8 mm/day.

The obtained bulk single crystals, _

was stoppt¢
ling and /
wing cryst

0° C bu whosc Br

whose dimensions are 10 mm in diameter nurccﬁ

and 25-35 mm in length, are solid
solutions CuGayIny_ySo with a and
chalcopyrite structure. The mole

fraction 1-x of CulnSg was almost “ﬁ”“”“””“)“ | l“““\

constant with values of 0.05+0.01 along

the growth direction. Figure 2 shows (CIT‘)

wafers cul perpendicularly to the growth Fig. 2. Wafers cut from THM grown
axis from one of the single crystals crystal. a:10 mm, b:20 mm, c:25 mm
with a thickness of 0.5 mm. The color of from the tip.

the crystals is reddish orange.

The electrical properties of the crystals were measured at room temperature
by four-probe and van der Pauw methods. Ohmic contacts were made with evaporated
Ni dots. For the as-grown crystals, the resistivities were over 106 Qcm, but
the Hall coefficients could not be obtained because of the poor ohmic contacts.
After annealing in an atmosphere of 1 atm S at 850 °C for 24 h, the
resistivities decreased to ~0.7 Qcm, and hole concentrations and mobilities

were ~1x1018 ¢m=3 and ~9 cmZ/V sec, respectively.



1. Conclusion

The solution growth of CuGaSg9 from S-excess In solution at temperatures
below 1000 ©°C has been investigated. It has been established that crystals grown
from In solutions containing solutes with Cu:Ga:S=1:1:2.4-3.3, corresponding to
a single liquid phase, have a chalcopyrite structure. On the basis of the
results, bulk single crystals of CuGayInj_4S9 (1-x~0.05), whose dimensions
are 10 mm in diameter and 25-35 mm in length, have been grown at 930 °C by the

THM using In solutions containing a solute with Cu:Ga:S=1:1:2.53.
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STOICHIOMETRIC CONTROL FOR
CulnSe; BULK SINGLE CRYSTALS

S.Nomura, M.Sugiyama and T .Takizawa,
Department of Physics & Applied Physics, College of

Humanities & Sciences, Nihon University, Tokyo 156, Japan.

Compositional variation around the stoichiometry of the melt-

grown CulnSe; was investigated. Location-dependence of

composition in bulk crystals was studied by the EPMA method.

The crystallizing mechanism is proposed on the basis of these
experimental results.

I.Introduction

In general, it is difficult to make some systematic discussion on thin
film properties which have some complex problems such as grain boundary
conditions. Also, in the case of CulnSe;, more systematic interpretation for
the fundamental properties should be made first on bulk crystals /1/.

In this paper, compositional shift from the stoichiometry for CulnSe; is
systematically classified into nine types in terms of the differences in
(Cu/In) and (Cation/Anion) molar ratios. Some types of single crystals which
have the compositions near the stoichiometry were synthesized from highly
refined elements by the melting method. Vapor pressure of selenium was
controlled during the crystallization. The location-dependence of composition
in bulk crystals was measured by the EPMA method. Then, the relationship
between the conductivity types and the mean valence is discussed. A new idea
for the chemical equilibrium reaction in the melt of Cu-In-Se system is

presented.

2. Classification of the compositional shift around the stoichiometry

On considering the stoichiometric control for CulnSey, (Cu/In) and
(Cation/Anion) (or (Anion/Cation) ) molar ratios are frequently used as
parameters /2/ in order to explain the properties. However, systematic

treatment of these parameters has not been completed. Table | lists respective



three types of the (Cu/In) and the (Cation/Anion) (abbreviated as (Cn/An)
hereafter) molar ratios classified according to whether these parameters are
more than, equal to or less than.unity. Every combination of the respective
three types of (Cu/In) and (Cn/An) ratios listed in Table 1 corresponds to
nine types of the compositional shift as shown in Table 2, where the (Cu/In)
and (Cn/An) ratios vary with the compositional shift parameters O and €,
respectively. These types of the compositional shifts can be expressed onto
the mean valence variation as a function of § with & varing from 0 to 10%Z as

shown in Fig.l.

In adamantines, conductivity types are determined by the mean valence.

The mean valence is more than "4" in n-type, and less than."h in p-type,
respectively. Moreover, values of the mean valence largely deviated from "4"
indicate bad <crystallinity having many -‘defects such  as vacancies or
interstitials. Materials design with wide variation in carrier concentration
of both types in conduction would be made in the v c—type (i.e.
Culn;+sSeg+s+ ) materials by adjusting shift parameters 6 and ¢ without some
bad influences on crystallinity.

In this paper, we treat the a —-type materials (i.e. aa-, ab- and ac-

types) as the first step to the destination, i.e. the Y c—-type.

4.2
Table 1 Respective three types of
(Cu/In) and (Cation/Anion)
=t >l - €1 A )
Cation/Anion a B 7
Cu/In a b ¢

Table 2 Nine compoéitional types
around the stoichiometry
of CulnSe,.

Mean Valence
-3

8k
Type Composition
a a CulnSe;,
ab Cu;+sInSez+s S .

3.8 T
a C Culn;+sSeg+s ) 0 5. 10
B a (Culn) +c 2Se; s (%) ‘ ’
B b (CU1+5[H)|+E/2582
B c (Culny+s) 1+er25€9 Fig.1 Compositional types expressed
7 a CulnSej+. onto the mean valence variation
v b Cuj;s+slnSegsss .o as .a. function of J: with €
7.C Culn +s5€9+5+: varing from 0 to 10 Z.

H

3. Experimental Procedures
Sihgle crystals of various types in' composition were synthesized  from
copper, indium and selenium elements of 99.9999Z purity by ‘the melting method

under the control of the vapor pressure of selenium.



Location-dependence of the composition in bulk crystals was studied using

the electron probe microanalyzer (EPMA), JEOL JEM-2000EX.

4 .Results and Discussions
4.1 Location-dependence of the composition in a bulk of the « a-type.
Location-dependence of the composition was analyzed on a single crystal

3 cut from an aa-type sample. This monolithic chip consists

chip of 7x3x1 mm
of a part of n-type conduction and a part of rather low resistive p-type one.
The conduction types were confirmed by the heat probe measurement. Composition
was analyzed in 12x3 matrix points in the bulk. As shown in Fig.2, the three

lines in the matrix represent the upper, the middle and the lower parts

against gravity in the e e ——
. . . UPPER PART ( — )
crystallization. The maximum T (R R R
‘WIDDLE PART( =)

1 1 T T 1 i A
temperature applied in the crystal ‘ LOYER PART ( -+~ )
growth was higher in the n-type region n { { { ; > P
than in the p-type one. Figure 2 shows 1.1
the location-dependence of the (= ~

Sio ~ >"’\l <>l \\
(Cu/In), the (Cn/An) and the mean - 7 . y el i
valence V, in the bulk. From the n- 0.9
type region to p—-type one, the L& =
Lo . . = —
composition varies from In-rich ( or = >
g " ST —
Cu-deficient) to Cu-rich (or In- & =
deficient) and anion-rich to cation- 0.9
4.1
rich. As mentioned in Section 2, .
this n-type to p-type transition can S0 T
be simply understood by the mean ‘ e |
T
valence variation from more than 3.9
"4" to less than "4". The influence of Fig.2 Location-dependence of
gravity was remarkable especially the fundamental parameters
in the lower temperature part. in a bulk of @ a-type.

4.2 Effect of selenium vapor pressure on the a b- and.the a c-types.

Figures 3(a) and (b) are so-called radar charts showing the
relative relation in three parameters, the (Cu/In), (Cn/An) ratios and
the mean valence V., in the In-deficient @ b- and Cu-deficient «a c- types,
respectively. In these figures, for example, the ab;s5¢10 represents a b-type

sample of ¢ =10Z applied with the vapor pressure of selenium of 150 torr. In



both cases, the initial charge of (Cu/In) (Cu/In)
0.8 0.8

elements was retained most in the ~19 ~1.9
materials of & =102 applied with — ab,ll — acoll
- abl"’lo = aC1solo
the selenium vapor pressure of 150 - ab,se05
L2y # astoOS
torr. Moreover, there are close
resemblances between abyl0 and
Ve (Cn/An) Va (Cn/An)
abys005, and also between acgl0 3 95 0.95 395 0.95
and @ c;5005, which suggests that ~4.05 ~1.05 ~4.05 ~1.05
the solubilities of Cu and In into (a) ab-type (b) ec-type
Cu-In-Se melt are increased by Fig.3 Effect of the vapor pressure of
supplying the vapor pressure of selenium on fundamental parameters
selenium. for (a) @ b- and (b) @ c-types.

4.3 Chemical equilibrium reaction in Cu-In-Se system

In our crystal preparation, two binary compounds In;Sesz and CusSe; were
found to be chemically vapor-deposited on the lower temperature part inner a
quartz ampoule, indicating volatile decomposition of these binary compounds
from the melt. We assume the following series of the chemical equilibrium
reactions for the melt of Cu-In-Se system in the case of including some extra

amount of selenium:

(A) 12CulnSey (1) + Sey(g) ; the vapor pressure of selenium (Ps.) decreases,
or the temperature of the melt (T,) decreases,
(B) 12CulnSez (1) + 2Se(l) ; Ps. increases, or Tn increases,

(C) 4CuszSey(g) + 6InySez(g) ; Ps. decreases, and Tm further increases,

where the chemical equilibrium moves toward each state according to the

condition for the vapor pressure of selenium and the temperature of the melt.

5.Conclusion

The n-type to p-type transition in the electrical conduction near the
stoichiometry of CulnSe, can be interpreted as the change in the mean valence.
In the melt growth of CulnSe;, control of the vapor pressure of selenium is
inevitable not only for preventing the volatile decomposition of selenium but

also for keeping the (Cu/In) ratio of initial charge.
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GROWTH OF CuGaS= BY TRAVELLING HEATER METHOD

N. Yamamoto, Y. Kimura and H. Horinaka
College of Engineering, University of
Osaka Prefecture, Mozu, Sakai, Osaka 591, JAPAN

Travelling heater method (THM) is applied to grow
bulk CuGaS. crystal using In as solvent. Yellow
colored polycrystal, which includes single crystal
grains of 3x5x5 mm3, are grown. Luminescence and

accidental isotropic wavelength are measured.

Growth of bulk single crystal of CuGaS. is important not only as
a substrate crystal of epitaxial growth for 1light emitting device
/1/, but also as a narrow band pass and/or elimination filter
tunable for 647nm line of Kr* laser /2/. Growth by direct
solidification has found to be unfavourable due to the peritectic
reaction at melting point of stoichiometric composition /3/. Iodine
vapour transport method, which has been usually applied for growing
a small single <crystal for optical measurements, is also
inadequate, because controlled growth of the size and shape of
single crystal has not yet been achieved.

Temperature (C)

As an alternative, solution 1000 800 700 600
T T T T T

growth method using In as —
solvent was first applied by
one of the authors to CuGaS:
and CuGai-xInxSz /4/ and also
to CuAlS. and CuAl._.GaxS> /5/.
Other possible solvents,
succeedingly reported, are Sn
/6,7/, Pb /7/, CdCl. and CdI.
/8/, and Te /9/. Small size of

CuGaSz single crystals have

05

llllllll

Solubility of CuGaS, (mole %o)

O Temr N
0-2_ \\

been obtained using these |

1 | I l | |
07 08 09 10 11, 12
Temperature recmrocol(Kq)x1O3

solvents. However, there exists
a critical minimum temperature,
Temr, fOr each solvent, below Fig.l Solbility of CuGaS> and

which some second phases Temr fOr some solvents



are precipitated, typically as binary compounds. Solubility of
CuGaS> and approximate Tcmr 0f these solvents are summarized (Fig.
1). Among these, superior excellency of In solvent, s.e., high
solubility at relatively low temperature and wide applicable
temperature range, can be clearly recognized.

Hsu et a/. /10/ was the first to grow a large size of single
crystal of CulInS-. by travelling heater method (THM) using the
excellent In solvent. Succeedingly, a good bulk single crystal of
CuGaSe> has been grown by the same method using In as solvent by
Sugiyama et &Z. /11/. Thus, travelling heater method using In as
solvent (THM-In) is about to be established as thé optimum growth
method to obtain a large size of single crystal of chalcopyrite
compounds, such as CuInS», CuGaSe-, CuGaS->, CuAlS-. and CuAlSe-.
Very recent report by Miyake and Sugiyama has won a success to grow
single crystal of CuGaS. by solution Bridgman method (SGM) /12/ as
a preliminary work for THM growth /13/. This paper deals with a
trial stage of THM growth of CuGaS.. Since THM should take rather a
long time for each run, typically 20 days, a description of the
result of failure should be useful as much as that of success.

Polycrystalline feed crystal of CuGaS. for THM growth was
prepared by sintering a stoichiometric mixture of Cu>S and Gaz=Ss at
950°C for 2 days. Fused silica ampoule of 8 mm ID with a conical
termination was used as a crucible. Indium metal solvent (about 1.9
g) was first melted and located at the ampoule terminal, on which
then, the feed crystal of CuGaS. (about 3.1 g) was sealed under
evacuation. The silica ampoule was then inserted into another

silica tube of 12 mm ID, which

o
]

may protect the inclusions from
oxydation when the inner silica | H 25/Cuf(écel§2.
amoule happend to crack during wlim 2
the growth. 5 E //4@1

Growth experiment of THM was il .1D>4ﬂimﬁ
carried out using a specially B H _Z
constructed three zone virtical ¥ 'f‘g?ca?sz <

furnace (Fig. 2) with a typical
temperature profile as shown; A

Smm/day-=—
o

Q0000000

muximum temperature was set as

i
15+ :

[ 30 e 20« 20 o 0 < Lo A« M )

850°C and average temperature i 500 600 700 800
gradient of 44=C/cm is . . {C’)
realized down to 600<C. The Fig.2 THM furnace and its

silica ampoule, its terminal temperature profile




was first located at the maximum temperature zone, was then moved
downward at the rate of 5 mm/day. This made the travelling =zone
about 5 mm thick indium solvent to move upward at the same rate,
and CuGaS- crystal about 30 mm in length may be grown within 20
days.

In the first run (THM-1), accidental power cut off occurred
during growth and this caused a rapid temperature gquenching. There
observed about 20 mm long yellow colored CuGaS-> crystal on the
bottom, on which In solution zone and the residual CuGaS- feed
crystals were covered. This showed a favorable growth process of
THM. In the second run, again, an accidental power cut off occurred
just after the starting stage of THM (after heat up to maximum
temperature).. A rapid temperature quenching caused a cracking of
inner silica tube. The cracked silica tube, however, was reheated
and a full THM process was performed. The result appeared THM -
growth both first in the inner tube and secondly, in the outer
tube, where the spilt materials from the cracking part of the inner
tube existed. The crystal grown in the inner tube (THM-2Y) was
vyellowish colored crystal and crystal grown in the outer tube
(THM-2R) was reddish colored one.

After these accidental experiments due to the power cut off, the
third run could be carried out without any trouble during the
growth period. Polycrystal including some 3x5x5 mm® yellow colored
single crystal grains (THM-3) were grown.

Grown crystals were took out without any mechanical damage by
dissolving the silica ampoule in the HF bath. The lattice constants
were measured by X ray powder method, and this revealed somewhat
larger lattice constants of the THM grown crystals than the feed
crystal. In inclusion of x=0.03
-0.09 in CuGai-xInx.S- alloy was 25 PMW?OWHQ’MW
suggested in the THM crystals 100+ oo

1.5

T T T i T ]

THM-1
as mentioned by Miyake et a/. hHM 1%53 TH
- 2R
/12/. 2 -
Photoluminescence spectra at

L

77K were measured on single

Intensity la.u.)

crystal grains cut from the

polycrystals of each growth run F i 1
O ]
(Fig. 3). Crystals of THM-1 and 500 600 700 800
Wavelength (nm)

THM-3 showed a single sharp
green peak at 2.38eV. However, Fig.3 Photoluminescence spectra
yellowish crystal of THM-2Y of THM grown CuGaS: at 77K



showed a strong and sharp peak at 2.47eV and a week broad band
peaked at 1.8eV, whereas reddish crystal of THM-2R showed only a
broad red peak at 1.8eV. Because the sharp green peak is the band
edge luminescence including the exciton luminescence, the red shift
of this peak can be used to evaluate the content of indium in
CuGai-xInxS> alloy. Indium content, about 3% (THM-2Y) and 10%
(THM-1 and THM-3), agrees with those from the lattice constants.
Since CuGaS> has a large optical activity and an accidental
isotropic wavelength in their birefringence dispersion curve, one
can construct a line eliminating filter at the isotropic wavelength
/2/. The isotropic wavelength was measured by fringes technigque on
some polished THM grown single crystal grains. The measured
isotropic wavelength is 655 nm at room temperature which is very
close to the 647 nm line of Kr* ion laser. Hence, the THM grown

CuGaS- crystal is very suitable for the filter of Kr* laser line.
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ANOMALOUS TEMPERATURE DEPENDENCE OF THE ELECTRICAL
RESISTIVITY OF CuGa (S, -xSex), SYSTEM

S.Endo, H.Matsushita, H.Nakanishi and T.Irie
Science University of Tokyo, Tokyo, Japan
S.Nomura

Nihon University, Tokyo, Japan

The CuGa (S, . xSe,), system have peculiar optical
and electrical properties. On some of the samples
of CuGaSSe, drastic changes in the electrical
resistivity and the optical transmission were

observed in the temperature range from 90 to 160T.

The CuGa (S, xSeyx), system is a mixed crystal system between
CuGaS, and CuGaSe, and belong to the ternary chalcopyrite type
semiconductors. The optical properties of this system have been
reported by several authors /1-5/. However, the electrical and
thermodynamical properties have been studied 1little. In this
work, the crystallographic, optical and electrical properties of
the CuGa (S, xSe,), system are investigated.

The samples of this system were prepared by the normal freezing
method. It was confirmed that all of the samples showed a
chalcopyrite structure. The compositions of the samples were
determined by electron probe microanalysis (EPMA). It was found
that all of the samples have the band gap of direct transition and
show p-type conduction. The phase diagram of this system indicates
a perfect solubility throughout the system /5/. The compositional
dependence of the lattice constants and the optical band gap of
this system obeyed Vargard's law /2,3,5/. This system showed an
orange photoluminescence for x$0.5 with an excitation by Ar’-laser

(2.54eV) . The peak energy of the emission spectrum decreases



linearly with an increase of composition x /3,5/.

It was found that this system have some peculiar properties as

follows: ~

1) Temperature coefficient of the '?]03- R.T.
optical band gap, |dE,/dT|, in ;_102 B

the region between room temper- % 10t % § §

ature and about 1257 is largest \:100 i § § 5
for the composition x=0.5 and is E - 0]
7.2x10 *eV-K '. 81071

2) The Hall mobility has a maxi- flO'* L 1 L

mum of about 40cm?-V-'-s"! at E 0 Compogiiion z 10
x=0.5, in contrast to the gen- Fig.1.Hall mobility as a func-
eral tendency expected from the tion of composition x.

alloy scattering theory as shown
in Fig.1.

On some of the samples of CuGaSSe, it was found that the
electrical resistivity decreases more than a factor of 10° in the
temperature range from 90 to 160T as shown in Fig.2. This drastic
change in the electrical resistivity does not due to the intrinsic
conduction as the slope of the curve leads to an activation energy
much higher than the energy gap.

The optical transmission at the wave length of 700 nm was also
measured on this sample as a function of temperature. It should be
noted that the transmission also decreases with an increase of
temperature in the similar manner to that of the change in the
electrical resistivity as shown in Fig.3.

Figure 4 shows the powder X-ray diffraction patterns at the
temperatures below and above the phase transition temperature,
indicating that some structure change occurs at this temperature.
The transition phenomena above mentioned in the electrical,
optical and «crystallographic properties were found to be
reversible.

We have also measured differential scanning calorimetry (DSC) of
the sample near the transition temperature, and the result is

shown in Fig.5. It is noted that a broad endothermic reaction



occurs at the temperature range from 90 to 140T.
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Fig.4.Powder X-ray diffraction
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In order to examine whether the transition phenomena, we have

found in CuGaSSe is related with the order-to-disorder transition,

a structural calculation by the computer simulation method has

been made.

Figure 6(a) shows the pattern calculated assuming the usual

chalcopyrite structure.

Figure 6 (b) shows the pattern calculated



assuming the sphalerite struc-
ture in which two kinds of
cation, i.e., Cu and Ga, are in
disorder. In this case, the de-
creasing of the (112) 1line can
not be explained. Figure 6 (c)
shows the pattern calculated
assuming chalcopyrite structure
in which two kinds of anions,
i.e., S and Se, is in order. In
this model, The decreasing of
the (112) 1line can not also be
explained. From these calcula-
tions, it is considered that the
phase transition we have found
on CuGaSSe is not a simple

order-to-disorder transition. In
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Fig.6.A comparison of X—#ay

powder diffraction pat-
terns of CuGaSSe with
those calculated ones by
computer simulation
method.

order to better understand the origin of the phase transition more

detailed information concerning the quaternary phase diagrams

Cu,Ga,S,Se are needed.
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PHOTOLUMINESCENCE AND RAMAN SPECTRA
OF C\.lInSe2 SINGLE CRYSTALS
H.NAKANISHI,T.MAEDA,S.ANDO,S.ENDO and T.IRIE
Science University of Tokyo,Noda 278 (Japan)
H.TANINO and T.YAO*
Electrotechnical Laboratory, Tsukuba 305 (Japan)

Peak energies of the emission band of Cd- and

Zn-doped CulnSe single crystals were found to

2
decrease with an increase of doping concentration.
New phonon modes at 212, 228, and 2600m_1 were

observed in the Raman spectrum of pure CuInSez.

The chalcopyrite-type ternary semiconductor CuInSe2 is a
technologically interesting material, because of the potential
application to the optoelectronic devices and solar cells. The
electrical and optical properties of CuInSe2 have been reported
in many literatures and it has been found that CuInSe can be

2
made both n- and p-type by suitable choice of the growth

conditions, the subsequent thermal treatment, or
Cd-implantation./1,2,3/ However, the photoluminescence of
CuInSe2 in connection with carrier concentration and absorption
edge has not yet been studied. In this paper, the experimental

result on the photoluminescence of p-type (with excess Se) and
n-type (doped with Cd, Zn, or excess In) CuInSe2 single crystals
grown by normal freezing in connectién with the doping
concentration are presented. We also report on the results of
the Raman scattering experiments.

The single crystals were grown by melting the elements in an
evacuated quartz tube followed by directional freeé&ng. The
purity of the starting materials was 99.9999%. When the crystal
is grown from a melt with the composition Cu:In:Se=1:1:2.005
-2.1 and with impurity (Cd or Zn) doping by X at atomic ratio
Cu:In:Se:X=1:1:2.005:0.02 0.08, it shows p- and n-type

conduction, respectively.

spresent address:Hiroshima University,Higashihiroshima 724 (Japan)



&
210 - AL
N R.T. Zn.doped > @
£ Iy —o— o) @
e Sy o = S
E | Ogpe. 24 P =
= o0 Zc %
3 \Ebu Se-excess 9 ,';g 7§
=10'- A e & 107F 2851/ o:Cd
- s} © = :/g ®:Zn
< A c
= In-excess E p.met _F’-type
1P 1 1 | 1 c 10'6 | L |
1010 10'7 10'8 1018 < 0 0.5 1.0 1.5
CARRIER CONCENTRATION(cm3) © X (atm%)
Fig.1l Hall mobility - carrier Fig.2.Carrier concentration as
concentration dependences. a function of doping X(Cd4,2Zn).

We have made a comparison of the carrier concentration
dependence of Hall mobility among several CuInSe2 samples doping
with various impurities. The result is shown in Fig.l1. It was

found that the effect of doping on the lowering of mobility is

large in order of In, Se, Cd and Zn. The electrical resistivity
and the Hall coefficient of the Cd- or Zn-doped CuInSe2 were
measured in the temperature range from 77K to 300K. The

temperature dependence of the Hall mobility indicated that the
carriers are scattered Dby the ionized impurities at low
temperatures. It was found that the donor levels are located at
0.01 ev (Cd) and 0.02 eV (2n) below the conduction band edge,
and that n-type CuInSe2 samples with the carrier concentration
than 5x1017cm_3 are degenerate. The carrier concentration n as

a function of X for n-type CulnSe (Cd,Zn) 1is shown in Fig.2.

In the non-degenerate region, 15 can be seen that log n
increases linearly from X=0.5 atm% to 0.7 atm%.

The optical absorption spectra of p- and n-type CuInSe2 with
various carrier concentrations were measured. It was found that
the absorption edges of the n-type samples 1lie 1in the 1lower
energy region in the spectrum than those of the p-type samples
and depend on the carrier concentration. The tendency 1is
consistent with the effect of doping on the lowering of mobility
mentioned above.

The photoluminescence spectra of p- and n-type samples were
measured with an Ar+ laser (488nm) excitation. Figure 3 shows
the typical photoluminescence spectra of p- and n-type samples.
The p-type samples showed three emission bands peaked at about
1.03 ev, 1.01 eV and 0.98 eV. These values are in good

agreement with the published values assigned as free-to-bound
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or donor-to-acceptor transitions attributed to Se vacancliles
(donor) and Cu vacancies (acceptor)./2,4,5/ The n-type samples
doped with In, Zn and Cd showed emission bands peaked at about
0.94 ev, 0.92 eV and 0.91 eV, respectively. Figure 4 shows the
peak energy of the photoluminescence for Cd- and 2n-doped
samples as a function of temperature. For comparison, the band
gap energies obtained by the absorption measurements/6,7/ are
also plotted. The temperature coefficients of the peak energies
are 6.7x10 % ev/k and 1.9x10"% ev/k for ca- ana zn-doped
samples, respectively. We have also measured the photolumines-
cence for various excitation intensities and found that the peak
energy increases with increasing excitation intensity for both
Cd- and Zn-doped samples. These results indicate that the
emission in Cd- and 2Zn-doped samples is probably due to donor-
acceptor pair recombinations, i.e. transitions from donor level
by Cd or Zn impurities to acceptor level by probably In vacancy
or Cu-In antisite defects./8/ Figure 5 shows the peak energy as
a function of doping concentration for Cd- and Zn-doped samples.
It was found that the peak energies decrease with an increase of
the:doping concentration between 0.6 and 1.2 atm%. Taking the
band gap energy equal to 1.04 eV

©
©
o

- @ 77 K

:Dob\.\. Zn-doped
A N 4
>O o
/'\D\ ®

at 77K and using the donor ioni-
zation energies determined from
the Hall measurements, an acceptor

ionization energy can be determined

PHOTON ENERGY (eV)
o
©
(=)

as 0.10 eVv. This wvalue is in 085-' cddomT

good agreement with the published 0.5 1.0 X (atm%)
value of acceptor level due to In Fig.5.Doping concentration
vacancy or Cu-In antisite defects. dependence of peak energy.
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The Raman scattering experiments were performed at room temper-
ature in a back-scattering configuration. The excitation 1light
source was the Ar or Kr ion laser line at 2.41 eV and 1.92 eV.
The Al mode which involves motion of Se atom is not observed at
1860m_1/9,10/,but at 173cm_1(Fig.6). In addition, we have found
new modes at 212cm_1, 228cm_1, and 2600m_1. All of them are as-

signed to B,+E,respectively, by polarized scattering experiment.

2
Furthermore, we have studied the Raman spectra of the single

crystals in the (1-x)CulInSe,-xIn_,Se alloy system. As 1In_Se

2 2773 2= 3
content increases, the Raman intensity ratios of the 212cm‘1 and
228cm.1 modes to the A1 mode increase as shown in Fig.7. The

modification of the structure and the electronic state of alloys

may affect the resonance Raman scattering efficiency of each mode.
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BEHAVIOR OF AMPHOTERIC IMPURITIES OF Zn AND Cd
IN CuGaSz CRYSTALS

Akihiro OOE™, Nozomu TSUBOI, Hitoshi KINTO,
Seishi IIDA and Hiroshi FURUSAKI
Nagaoka University of Technology

Kamitomioka, Nagaoka 840-21, Japan

Photoluminescence étudies of Zn— and Cd-doped
CuGaS., crystals grown by the iodine transport
method present clear evidence that both atoms make
several 1isolated donor and acceptor levels in p-—

type CuGaS-:. The level orﬁgins are discussed.

INTRODUCTION
Group—II elements Zn and Cd impurities in CuGaS. are possibly amphoteric,

being donors on the Cu sites and acceptors on Ga sits. Our recent
photoluminescence study revealed that Zn atoms make 1isolated shallow donor and
acceptor levels in CuGaS: at relative low doping levels?’. The origin assignments
of these levels were done by a careful consideration for possible combinations of
substitutional Zncuw and Znga, vacancies which cﬁuld arise from a difference in
numbers of Zncuw and Znca, and pair complexes formed from substitutional Zn atoms
and vacancies.

The purpose of this opaper is to reconsider the assignments described in the
previous paper by studying photoluminescence- (PL) of Zn—doped crystals made under
different preparation conditions and to examine the situation of Cd-doped crystals

for comparison.
/

SAMPLES and MEASUREMENTS

Zn’or Cd doped single crystals used in this study were grown by the 1iodine
transport method in a manner reported in reference 1. Zn—doped crystals used in
this study were prepared from sources satisfying Cu,-,Zn.GaS. (x=0.0005) and
CuGay-xZnx.S2 (x=0.0003) relations, since preferential doping of Zn impurities on Cu
site or Ga sites was intended in <contrast to the previous study. Cd-doped
crystals were prepared from sources satisfying (CuGa)d 1 -x,2CdxS2
(x=0.005,0.01,0.05, Cui-.CdxGaSz (x=0.05) and CuGa,-xCdxSz (x=0.05) relations.

The amounts of Zn in (CuGa)i-w.,2Zn.Sz crystals were reportad to correspond
roughly to those added in sources by EPMA studies?®’. The amounts of Zn includad
in ths present crystals are thought also to correspond to those added in sourcss?’
as in the case of (CuGa)i-x.,2Zn S> crystals. The amounts of Cd in the crystals
detected by EPMA studies were, however, smaller than those addad in sources by

about one to two order(s) oi magnitude. The crystal composition x appearing in

%Present address: The Univ. of Electro-Communications, Chofugaoka Chofu 182, Japan



this paper always corresponds to the source composition and does not mean actual
one. However, in the case of Zn—doped crystals, the composition x is believed to

be close to the real one, as described above.
The resistivity values of CuGat-xZn.Sz (X=0.0005) crystals were reduced down

to 102~103 ‘Qcm, while those 'of all other doved crystals were in the same range of
105~107 Qcm as in undoped crystals. Room temperature thermal-probe measurements

indicated p—~type conductivity for all crystals regardless of dopants.
All steady-state PL spectra as well as time-resolved (TR) spectra were

measured using the same avpparatus and techniques as in the previous report!’.

RESULT and DISCUSSION
The emission line at 2.504 eV seen all Zn and Cd doped crystals as well as

undoped crystals under excitation by a 476.5 nm line of an Ar* laser is thought to

be due to free exciton decay. This fact indicates that any change of band gao
energy did not occur in these doped crystals.
PL tra of Z d Cd-d d CuGaS S RTNE )
- =4 e 2
spectra of £fnm an oped Lubase 650 600 550 500
crystals are shown in Fig. 1¢) and (b, ("" LA AL B S
tivel Th PL t f @ (==
. e c L 4
respectively spectrum o 1‘0_—-—Cu1_x2nxGaSz A
CuGai-xZnxS2 (x=0.0005) in Fig. 1<a) shows L X=0.0005 900720-1 i}
a peak at 2.393 eV. The lower energy ; "— Cu6as-xZNxSz S EI_X{‘ L ]
. i . P! anp
shoulders are thought to be due to phonon ®© 0.5 %-0.0005 900720-2 ,‘I j 3%5%(9
Lo | ; ]
replicas. The PL spectrum of L gsg)o‘{x’zzn"sz L i
Cur-xZnxGaSz (x=0.0005) in Fig. 1(a) show a >}:— B 8111;1-3a 7 ]
peak at 2.387 eV and the spectral width of %’ 0 ©) e
: SO ; w C
this emission is broader compared to that — L .
S 101 ighoxo0diS: )
observed for the CuGai-xZn~S2 (x=0.0005) L —-~%=0.01 900209-2 N
crystal. A considerable difference in D__, M ----X=0.05 900209-3 A T
spectral widths of these emissions seems to 0. 5 F— Cuba;-xCdxS, -
imply that the spectrum of Cui-xZn,GaS2 i X:0.05 ]
(x=0.0005) crystal is affected by another [ %00713-2 J
N . A 5 . O (RS R T [
emission at lower energy side in spite of >0 55 >4 6
small difference in peak energies. The PL PHOTON ENERGY [eV]
spectrum of . (CuGal)i-x-2ZnxS2 (x=0.0005>
hich ted . TR h Fig. 1 Low temperature photoluminescence soectra of
e LR D O L/ ts shown CuCaSz crystals doped with Zn(a and Cd(b) in various
again in Fig. 1<) for comparison. The ways.

highest energy peak of this spectrum seems

to coincide with the spectral peak of the emission seen for the CuGa:-xZn«S2

(x=0,0009 crystal.

PL spectra of Cd-doped crystals are shown in Fig. 1(b). The spectrum of
(CuGa)1-x,2CdxS2 is relatively simple, showing 2 main oeak at 2.39 eV (denotad by
A), with a low energy veak and shoulders porobably dus to phonon replicas of the
main emission. The spectrum of CuGa:-.Cd-S2 crysial shows four peaks; The highest

energy peak correspond to the A oeak in the (CuGa)i-x,2CdxSe crystal, and the next
two peaks (labeled B and C in Fig. 1)) are due ts different emissions being
oroper in this sample. The lowest energy peak is consicered to be a phonon replica

of the C~ peak. The spectrum of (CuGadi-x,2Cd«Sz =orystal is believed ta be



composed of these emissions (i.e. A,
crystals, no emission was observed.

TR spectra during decay were measured

for these Zn— and Cd-doped crystals. The
result for CuGa:-xCdxS2 (x=0.05) 1is shown
in Fig. 2. These spectra show shifts

with time after excitation, characteristic
to aonor-acceptor pair transitions.
Analyses of these spectra similarly as the
previous reportt’ gave the ionization
energies of relevant shallower (E:) . and
deeper (E2) levels and the reaction
constants (Wo) as summarized in Table I.

The values of E:=64#22 meV, E2=124%% meV

and Wg=2x107 s-! were obtained from TR
spectra of - the CuGai-xZnx Sz (x=0.0003)
crystal, while those for Cu:-xZnxGaS2

(x=0.0005) could not be obtained due to
broadenning of the TR spectra with time,
probably related to the existence of
another lower en2rgy emission mentioned
before.

Although there is an interesting
difference between the doping efficiency of
Zn and Cd in CuGaS2: crystals, the small
fraction incorporation of Cd does not
induce Vec. or Vea as far as the charge
neutrality condition holds. This allows
an introduction of similar assumptions for
Cd doped crystals, as in (CuGa):-x,2ZnxS2
crystalst’. For the case of
(CuGa)1-x,2CdxS2 crystals, following three
cases are considered possible. Case 1-1
(equal participation of Cd on Cu and Ga
sites): donors; Cdc:. acceptors; Cdss.
Case 1-2 (larger participation of Cd on Cu
sites): donors; Cdc:, Cds=—Vs and Vs.
acceptors; Cdes, Cdcu-Vea and Vea. Case
1-3 (larger participation of Cd on Ga
sites): donors; Cdce, Cdsz—Vs and Vs.
acceptors; Cdze and Vaou. Since only one

shallower level of ~38 meV and one deeper

level of ~120 meV were observed in (CuGa):

B and C). For Cu:-xCdxGaSz (x=0.03
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Fig. 2 Tize resolved photoluminescence spectra of
CuGa:-xCd-S: (=0.05) after sulse excitation by an XeCl

exciper laszr.

Table I Coror and acceptor levels relevant to the

oair

emissions & and C in CuGa:-»Cd«S2(=0.09 crystal.
Values of ienization energies (B: and E2) and reactien
constants xith their accuracy were evaluated by

analysing the time resolved spectra of Fig. 2 during

each decay
Emission A C
E. (meV) 38> 89+18
Ez (meV) 1262 22722
WVo (x107s7%) 9+3 42

-

-xs22lnxSz (x=0.003, Q.01) crystals,

defect formation in the crystals is thought to corresoond to case 1-1. This

not unreasonable at the low Cd concentration describsd ahove.

In the case of x=0.03 in (CuGa):-».2Cd«S: whera x

s larger than 'the previ

the

is

ous



case, the defect formation is considered to correspond either to case 1-2 or to
case 1-3, since observed two donor and two acceptor lavels can not be explained
with case 1-1.

For CuGa;-+CdxS2 crystals, possible situations are following two cases. Case
2-1: Cd atoms occupy only on Ga sites. Sulfer vacancies (Vs) are induced from the

neutrality condition. Case 2-2: Cd atoms occupy not only on Ga sites but also on Cu

sites. Gallium and sulfer vacancies (Ve: and Vs) are induced. Case 2-1: donors;
Vs. acceptors; Cdeca. Case 2-2: donors; Cdc., Vs, Cdza-Vs. acceptors: Cdecz, Vea,
Cdcu:-Vga. The existence of three emissions (A, B and C) in CuGa:-,CdxS2 (x=0.0%)

crystals excludes case 2-1. Since the ionization energies of the two shallower
levels relevant to A and C emissions -is smaller than the calculated hydrogenic
acceptor binding energy (110 meV)‘’, it gs not unreasonahle to ascribe these levels
to donors rather than to acceptors. [f we adapt the previous assignments!’ that
the level of ~155 meV or ~204 meV is due to Vss, the origin of the level of
~227 meV is considered to be not due to Va, but te Cdeu-Ves in case 2-2. Taking
into account:this possible assignments that two different acceptors are due to Cda:
and Cdcu-V:a, the defect formation in CuGai-zCdxS2 (x=0.03) may correspond to wcase
1-2. [t becomes necessary to select either Cdeu-Vs or Vs as the origin of the
donor of ~838 meV in case 1-2. [t is not unreasonable to consider that the B
emission in Fig. 1(b) 1is caused by the pair transitions between the donors of E:z
~89 meV and acceptors of Ea ~126meV

The reported E: and Ez2 valuest’ for the highest energy emission of
(CuGa)y-%-2ZnxS2 (x=0.001> in Fig. 1Ca) are ~70 meV and ~120 meV, respectively
These values are close to the values of E:=64 meV and E2=124 meV obtained for
CuGai-%ZnvS2 (x=0.0003) crystal in this study. However, the reported reaction
constant (v6x107 s-!') for the emission in (CuGa)i-x,2ZnxSz2 (x=0.001> differs
slightly from the value of 2x107 s-' obtained here=. [f we conceive the
difference, the situation for CuGa:-xZnxS2(x=0.0003) would be similar to the case
2-1 for the Cd doped crystal. On the other hand, if we ignore this difference,
the situation would be similar to the case 2-2 for th2 Cd doped crystal, and the
most simple assignments are to ascribe the observed E: and E» levels to Znc. donors
and Zngs acceptors, similar to the case of (CuGa)i-x,2ZnxS2 (x=0.000). The
reduced resistivity observed for the CuGa:-.Zn.S2 (x=0.0005 «crystal 1imply the
existence of shallow acceptors. This result is consistent with the
observation2’ of reduced resistivity associated with annealing in a Zn »olus S

atmosphere.
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OPTICAL CHARACTERIZATION OF Fe ATOMS IN CuMs,
(M=Al, Ga AND In) CRYSTALS

Katsuaki Sato
Faculty of Technology, Tokyo University of Agriculture
and Technology, Koganei, Tokyo 184, Japan

Transition atom impurities are known to introduce optical
absorption bands and photoluminescence lines in the below=-gap
spectra of semiconductors, resulting 1n coloration of
crystals. This paper focuses on the optical properties
introduced by Fe impurities in Cu-III-S, semiconductors.

Introduction

We have been working with optical characterization of transition atom impurities in
chalcopyrite semiconductors containing Cu as a constituent element/1-13/. Through
these works we eluclidated that transition atoms 1introduce characteristic absorption
bands in the below-gap energy region and pointed out that some of them are
responsible for coloration of crystals.

Some of the sub-gap optical spectra have been interpreted in terms of ligand field
transition between multiplets in the 3d™ system. Some have been understood as so-
called charge transfer transitions between the ligand orbitals and the 3d orbitals of
transition atoms. This type of transition 1s often referred to as a photoilonization
transition by the researchers 1in the semiconductor field and 1is considered to be
directly related to the relative energy position of the transition atom to the host
band edge. In addition to these "on-site' energy states, incorporation of the
transition atom often introduces some defects or vacancy aggregates. Formation of
these defect occurs partly due to the difference in the atomic radius from that of
the host atom and partly due to the requirement to hold the charge neutrality

condition,

The present paper focuses on the optical properties of Fe atoms 1in chalcopyrite
crystals and discusses on the electronic and crystallographic aspects of the Fe

impurity.

Results and Discussion
(1) Origin of Coloration of CuGas, and CuAlSZ Grown by Chemical Transport

Wide-gap chalcopyrite-type crystals of CuAlS, and CuGaS, grown by the chemical vapor
transport (CVT) technique are usually colored in blue and green, respectively. These
colors are caused by the strong absorption band located between 0.6 and 2.5 eV, which
i1s greatly reduced by annealing the crystals 1in the vacuum. Through the EPR
measurements von Bardeleben et al. ascribed the origin of the absorption band to the
trace Fe or Ni impurities/14/. We showed that Fe ions doped in these crystals result
in a strong charge-transfer type transition below the absorption edge of the host
crystals/1/. The molecular orbital calculation by Kambara-et al./15/ in the 17 atom-
cluster surrounding the Fe impurity located empty d levels in the band gap supporting
our assumptions. However, the origin of the coloration seems not so simple. Even
those crystals made from the purest sources are colored. In contrast to CVT-crystals,
those grown from the melt or the solution are often colored in dark brown.



In Fig. 1 absorption spectra of undoped and Fe-doped crystals grown by CVT are
plotted./12/ We performed the chemical analysis of Fe impurities in undoped and Fe-
doped single crystals of CuGaS,, by which it was found that even the undoped crystals
contained Fe-impurities to the concentration of the order of 100 ppm. It was also
elucidated that the analyzed concentration of iron in the grown crystal was
approximately the same with the nominal Fe concentration of the starting material as
listed in Table 1.

x10° Table 1 Results of the quantitative
2 Chemical analysis of Fe in undoped and
Fe-doped CuGa$,.

Fe concentration X'

Sample name

E

e

}—

&

)

uU-_ nominal analyzed

] L

3 ‘ Fe 0.01 0.01 0.0102
Fe 0.003 0.003 0.00367

g Fe 0.0001 , 0.0001 0.00119

& Undoped {1 0 0.00011

& Undoped #2 0 0.00034

[¥2)

@

PHOTON ENERGY (eV)

Fig. 1 Polarized absorption spectra in
single crystals of undoped and Fe-doped
CUGBst

Using the analyzed concentration the absorption cross section per Fe atom was
estimated. As seen in Fig. 2 the estimated absorption cross section in the undoped
samples was about twice that of Fe-doped samples. It is, therefore, clear that
absorbing centers other than Fe are involved.

We, then, measured absorption spectra of CuGaS, doped with 1 mol% Ni impurities. The
result 1is plotted in Fig. 3, from which it is found that Ni also introduces strong
absorption below the band gap similar to that observed in Fe-doped crystals, although
details of the structure seem to be different.

—_ 1078 x10
€ 2 T s
= =
Z Enc . 2]
E UNDOPED & i =
o | UNOOPED 2 : 5
W ——-=Fe 000! (9 ] O 10F
0 -n—-- Fe 000367 ; 2
[} . &
[%]
g ' 8
= z 5
g S
s
a -
& - uxoorCD B{ by
: 2 st LY
8 (e} @ 0 1
(2 0 3 3 < 0 | 2 3
‘PHOTON ENERGY (eV) PHOTON ENERGY (eV)
Fig. 2 Absorption cross sections per one Fe Fig. 3 Polarized absorption spectra

atom in undoped and Fe-doped CuGaS, deduced in undoped and Ni-doped CuGa$S,.
from the spectra shown in Fig.l.
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More than 15 years ago we discovered sharp infrared photoluminescence(PL) lines at
0.613 eV in CuGaS, and at 0.73 eV in CuAlS,./2/ PL spectra of undoped crystals
measured at 20 K are shown in Figs. 4(a) and (gs.

CuGas, CuAls,
05 06 07 08 05 06 0.7 0.8
PHOTON.ENERGY (eV) PHOTON ENERGY (eV)
(a)CuGa82 (b)CuAlSZ

Fig. 4 Infrared photoluminescence spectra of undoped CuGaS, and CuAlsS, crystals
measured at 20 K with the excitation by the 514.5 nm line of ArT ion laser.

With the help of the Zeeman spectrum shown in Fig. 5 and the spin Hamiltonian
determined by EPR/16/ the PL line in CuGaS, was assigned to the ligand field
transition between the excited multiplets 47, and the ground multiplets A, of Fe’t
in the tetrahedral coordination/2/. The anomalously low energy position of the
transition was explained by the theoretical approaches taking into account the
configuration interaction between the 3d” multiplet states and the charge-transferred

states:/17/

We, recently, measured the PL-excitation
spectra of the Fe-related luminescence, e iy
which are shown in Figs. 6(a) and 6(b)
by solid curves. For comparison 2%;96R%§;t:i T
absorption spectra of Fe-doped crystals N;/JA/\/\/\/“\_ I B B
are plotted by dotted curves in both u.//ﬂj\f\”\ﬂ\_ T N DR
figures. It is clearly observed that the '”J//VWJ\/\/\\_ il e
threshold energy of the excitation band 'r—//FAm\\A\__ Ll B
agrees with that of the iron-induced n;//[\\\v\—— * | =l
absorption band However, of the two o L1 =
absorption peaks introduced by iron, & N 10
only the low-energy peak 1s found to be & Al s
able to excite the Fe-related infrared 11, ., ¢
luminescence. The high-energy peak which . I .
makes crystals dark in the visible e | .
region seems not to be directly related o l“‘
to the Fe ¥ center. 4935 4340 4945 43930 =3 R
ENERGY(em=Y) ENCRGY (am’)

(a) (b)

Fig. 5 Zeeman spectra of the infrared PL
line in CuGaSz.
(a)Observation and (b)calculation

assuming T1—> Aq in Fe°t,
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Fig.6 Excitation spectra of the Fe¥T-related infrared photoluminescence in (a) CuGa$,
and (b) CuAlS, at 20 K.

It is concluded that the absorption band in the visible region in CVT-grown crystals
is not directly associated with the Fe3+ center but related to some other centers
likely to be assigned to a defect. The defect may be introduced either by doping of
the transition elements or by thermal treatments.

(2) Relation between the below-gap absorption spectra and infrared photoluminescence-
in undoped CuGaS, grown by the chemical transport

We measured both below-gap absorption spectra and infrared photoluminescence spectra
on three samples supplied by Nagaoka Technical University. These crystals were grown
by the chemical transport technique with different growth conditions. As shown in
Fig. 7 these three samples show different features of absorption spectra although
starting materials with the same purity were employed. Of the three curves, the solid
one has rather different feature from the other; the sample was the darkest of the
three samples measured. This crystal was prepared by quenching from the high
temperature during the chemical transport.

The Fe3* photoluminescence spectra at 20 K are shown in Fig. 8. The Fe-related
emission loses intensity as the below-gap absorption increases. No infrared
luminescence line was observed 1in the quenched sample in which strong below-gap

absorption was observed.
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Flg. 7 Absorption spectra in three Fig. 8 Infrared photoluminescence
CuGaS, crystals prepared with in the same CuGaS, single crystals
different growth conditions. as shown in Fig. 7.



This results apparently denles a direct relationship between the Fedt center and the

below-gap absorption band. However, it should also be noted that re-absorption of the
emitted light may occur in dark sample. Another interpretation is that valency of Fe
changed from trivalent to divalent. Therefore, we would like to leave the conclusion
to the future works including EPR characterizations.

(3) Assignment and Characterization of Fe-related Infrared Luminescent
Centers in CuGaS, and CuAlS,/13/

In chalcopyrite-type compounds, iron ions are usually assumed to substitute the group
III atom site, since there exists a compound CuFeSZ. However, 1t 1is not self-evident
whether transition atoms substitute the group-I or group~III sites when they are
doped in very low concentration. In order to elucidate this point we grew solid-
solution crystals with different composition of two group III elements, 1le. CuAleal_

S, with x varied between 0 and 1.0. We employed the Fe *.related infrared
photoluminescence as a probe to estimate the local atomic arrangements around the

impurity atom.

Fig. 9(a) shows 1infrared PL spectra in undoped single crystals of CuAl, _ Ga,S,.
Essentially the same trend was observed in the Fe-doped samples. As shown 1in the
figure, crystals with the extreme compositiomns, i.e. x=0 (CuAlSZ) and x=1 (CuGa$S,),
show a sharp PL line with linewidth less than 1 meV. On the other hand, those with
intermediate compositions show no sharp PL line but a broad PL band consisting of

several equally-spaced fine structures.
b ' Cxl
r x10 1
i f leO ]
i x1.5

PL NTENSITYa u)
PL INTENSTY(a.u.)

group III atoms (either Ga or Al).
Therefore, there are five kinds of
atomic arrangements depending on the
occupation number of Al and Ga in the

four sites, thus giving five zero-phonon ]

lines, provided that one zero line

corresponds to each atomic arrangement. X:0.70

On the other hand, in Case II the nnn r x1.5 1
S 0.6

X=0.53

n.n.n. sites depending on whether the Fe

ion substitutes the group III atom site

(Case I) or the Cu site (Case II). In

Case I eight of the twelve nnn sites L 4
are reserved for Cu atoms, so that only X=0.18

:he remaining four are occupled by the

In CuAly_,Ga S,:Fe all of the four mext a i
neighbor (nn) sites of Fe are occupiled
by sulfur atoms, and the twelve nnn
sites are occupled by Cu and group III r )
elements., There are two cases in the
occupancy of Ga or Al atoms 1in the X=0.0
" x10
x20
x20

sites have eight seats for group III

elements and four for Cu, resulting in Tl O
nine zero-phonon lines associated with o. 57 6.8 TN
nine possible local atomic arrangements. PHOTON ENERGY(eV) PHOTON ENER GV

Fig.9 Infrared photoluminescence spectra
in CuAll_xGa SoHe
(a)Experiment an, bgcalculation.



From the PL spectra shown in Fig. 9(a), one finds that the fine structures are
approximately equally-spaced with a separation of about 13 meV. The value agrees
quite well with the one calculated by dividing the energy separation between the PL
energies of CuAlS,:Fe and CuGaS,:Fe by eight spacings, i.e. (0.72-0.613)/8=0.0134.
This suggests that the Case II holds in our system.

Assuming that one zero-phonon line corresponds to each atomic arrangement,)we can
simulate the spectrum by using nine equally spaced Gaussian lines with relative
intensity given by the probability P . We adjusted the line positions so as to give
the best fit to the observed spectrum. In Fig. 9(b) the simulated results are
demonstrated. Most of the observed structures are reproduced by the simulation,
although agreement 1s not satisfactory for the low energy part of the spectrum. The
disagreement may be due to our neglect of phonon side bands which exist in the low
energy side of the zero-phonon line as observed in the case of x=0 or x=1. '

We conclude that the Fed* %fn substitutes the Cu=-s te, congrary to the commonly
accepted concept that the Fe ¥ may substitute the Ga*t or Al site to attain the
charge neutrality.

3+

(4) Photoluminescence Decay Characteristics of the Fe~” -Related

Infrared Luminescent Center

>.
Frg$ the above-mentioned studies we found that the 5
e” ' -related infrared luminescence has a narrow >
line-width and an efficient excitation band in E
higher energy. So it can be a candidate of a > N
three-level solid-state laser material. For this - A
purpose 1t 1s necessary to know the recombination %f i
life-time of the photoluminescence. = % N
< N
We measured a time-resolved spectrum of the Fe- d N
related photoluminescence using a pulsed Xe-flash G:IOz ) L ) for
lamp and a boxcar integrator. The decay curves of 0 | 2 .3 4 5
the photoluminescence lines are plotted in DELAY TIME (mS)
Fig. 10.
Fig. 10 Photoluminescence
The decay time of the PL was found to be 1 ms and decay curve of the Fe-related
0.7 ms for CuGaS, and CuAlS,, respectively. Thus enission in (a)CuGaSz
it is concluded that the recombination life-times and (b)CuAlSZ.

observed were sufficiently long to construct a
solid state laser.

(5)What occurs when the iron concentration is increased.

When the Fe concentration exceeds 1 wt? one finds an 1lncrease in the absorption below
0.6 eV towards low energies. This tendency 1s clearly seen in the absorption and
photoconductivity spectra of CulnS,:Fe shown in Fig. 11./10/ The rise in the
absorption coefficient towards low energies 1s thought to be a foot of an absorption
band existing in the middle-infrared region. Due to an experimental difficulty we
have not obtained a complete gpectral shape yet. However, it can be assigned to the
ligand field tramnsition in 3d~ manifold localized at the Fe t center since Fe doped
in CuGaS, at the concentration of 6mol%4 shows an intense absorption in the 0.3-0.6 eV
reglon as shown in Fig. 12./9/



§ 10
E - CuGaSs:Fea.0e
2 3 ,~. 20 RT.
2 z 3
ro 5 §
—_
§ 03 < Lot
z 3 g
S 5 g
L S
& 5 ‘
@ g 0.0 Il L | Ty
@ J a 03 04 05 06 07
< . . ’
05 10 5 2_00 PHOTON ENERGY (eV)
PHOTON ENERGY(eV)
Fig. 11 Abéorption spectra in CulnS§, Fig. 12 Absorption spectrum
doped with Fe. of CuGaS, doped with 6mol%Fe

Further increase in Fe concentration makes the crystal black to red-black. When the
iron concentration exceeds 12-14 mol%(nominal value) sample becomesshiny with golden
luster./7/ Simultaneously, the absolute value and the activation energy of electric
conductivity show a jump at the concentration./6/ These experimental results were
interpreted as due to the formation of Fe-related band in the crystal. However, EPR
observation at Strasbourg indicated the formation of pairs, triads or such clusters,
indicating that some kind of percolation path problems in the random network are
involved./18/ Trace of Fe * Wwas also observed. It is, therefore, important to
re-examine the accurate composition and uniformity of Fe concentration.

60
Formation of d-band is obvious in CuFeS,, which is
the concentrated limit of CuGay_,Fe S,. The
reduced sublattice magnetization could be accounted %0
for only by the band formation. This conjecture
was also confirmed by the band calculation./19/
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It has also been demonstrated by the Mossbauer
measurement/20/ that Néel temperature increases
with Fe concentration and the temperature

dependence curves of the spontaneous magnetization 06 530 30 a0 30 &5
for wide range of Fe concentration scales to one PHOTON ENERGY (av)
curve, indicating the formation of d-band occurs Fig. 13 Reflectivity spectrum
from the very dilute region of the Fe of CuFeS, from 0.02 to 6 eV.
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(6) optical Properties of CuFeS,

o
o

A rteflectivity spectrum from 0.02 eV up to 6 eV
measured on the polished surface of a CuFeS$
single crystal grown by Bridgman technique is
shown in Fig. 13./21/ The absorption spectrum of
CuFeS, calculated from the reflectivity spectrum

is shown 1in Fig. 14. Strong absorption bands

ABSOﬂPTolou COEFFICIENT
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~

denoted as A and B are seen between 0.6 and 3.5eV PHOTON ENERGY (ev)
,which was assigned to the band-to-band tramnsition
from valence band to the Fe-originated conduction Fig. 14 Calculated absorption

band. Existence of the strong absorption in the spectrum of CuFeS,.



near-infrared to visible region accounts for the golden luster of thils crystal.

We have also measured photoelectron spectra in CuFeS, using synchrotron radiation to
elucidate the electronic states of the valence band. By resonant photoemission the
structure just below the Fermi level has been assigned to the Fe 3d state hybridized

with the S 3p state./22/ °

Conclusion

Electronic structures associated with the iron atoms in the chalcopyrite crystal were
investigated. In the low concentration, the iron was found to substitute the Cu site
as Fe T resulting in a sharp infrared photoluminescence. Higher concentration causes
the crystal opaque. Thils 1is 1interpreted as due to the charge transfer type
transition. Further doping leads to a formation of the d-band or the percolation
network. In CuFeS, the golden luster 1s attributed to a strong absorption associated

with the d-band.
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OPTICAL PROPERTIES OF Mn-DOPED CRYSTALS
OF CuAlSz AND CuAlSez

K. Sato, K. Ishii, K. Ohe, K. Watanabe and Y. Kudo
Faculty of Technology, Tokyo University of Agriculture
and Technology, Koganel, Tokyo 184, Japan

Optical properties of Mn ions in CuAlSz and CuAI.Se2 were
investigated. Mn becomes divalent in CuAlS2 to be a red
luminescence center. Time-resolved photoluminescence studies
revealed an energy transfer between the host and the center.
Red photoluminescence due to Mn * was observed in dilute
CuAlSeZ:Mn. Mn3+ is suggested in heavily doped samples .

Introduction

Band gaps 1in ‘ternary chalcopyrite semiconductors take a wide range of values from the
infrared to the ultraviolet. Of these compounds CuAlS, is the only one stable
material that has a band gap in the ultraviolet region: This makes this material a
possible host for visible luminescence centers. We already reported spectra of the
photoluminescence(PL)/1/ and the electroluminescence(EL)/2/ in manganese-doped single
crystals of CuAlS,. Measurements of excitation spectra and subsequent theoretical
analyses allowed us to assign the luminescence to the ligand-field transition in the
3d5~manifolds of Mn?" similar to the case of Mn?" luminescence in zinc sulfide/1/.
However, the mechanism of recombination has not fully been understood.

In the present work we studied the optical properties such as absorption and PL
spectra 1In single crystals of CuAlS2 doped with various concentration of Mn ions.
Optical studies on undoped crystals were also carried out for the sake of comparison.
We also carried out similar experiments in undoped and Mn-doped crystals of CuAlSe,
with an energy gap at 2.7 eV.

Bxperimental

Single crystals were grown by the chemical vapor transport technique using iodine as
a transporting agent. Starting materials were polycrystalline powder of Cuzs or
Cu,Se, Al, and S or Se. These were sealed in vacuo with appropriate amount of iodine
into a fused silica ampoule with 1its inner wall coated by pyrolytic carbon. Manganese
doping were performed by mixing appropriate amount of MnS powder to starting
materials..In the following we denote the concentration of Mn by the ratio of MnS to
the total amount of starting materials in weight percent.

Undoped crystals of CuAlSZ were colored in deep blue due to the presence of an
intense absorption in the red-to-green wavelengths. Manganese doping, however,
bleached the color, increasing transparency of the material. On the other hand,
undoped crystals of CuAlSe, were transparent with a yellow color. Manganese doping in
high concentration changed the color into dark reddish orange.

Optical absorption spectra were measured with a Hitachi U-3100 type
spectrophotometer. CW-PL spectra were measured with the 488 nm line of an Ar 1ion
laser. The photodetector used was either a photomultiplier or a cooled Ge photodiode.
For time-resolved PL measurement we employed a pulsed N, laser and a Boxcar Averager.
Details of the time-resolved measurements will be published elsewhere/3/. Reflection
phase shift-difference(PSD) spectroscopy has been known to provide an exact position



of the absorption edge in optically anisotropic materials like chalcopyrites/4/. We
measured the PSD spectra by means of polarization modulation technique with a help of

a plezobirefringent modulator.

Results and Discussion
(1) CuAlS,:Mn

Figure 1 shows absorption spectra of undoped and
manganese-doped single crystals of CuAlS,. The
undoped crystal (curve (1)) has a cosiderably
large absorption coefficient in the below-gap
energy region, showing characteristic absorption
bands with peaks at 1.3 and 1.9 eV as well as a
shoulder structure around 3 eV. As plotted by
curve (2) only the slight doping of manganese
leads to a dramatic reduction of the below-gap
absorption. When the manganese concentration
is 1increased the absorption edge shifts towards
low energlies. As shown by the curve (4) the
absorption edge of the 1 wt% Mn-doped sample
appears at 3.1 eV. The shift amounts to as large
as 0.3 eV.

Reflection PSD spectra in undoped and Mn-doped
crystals at room temperature were measured to find
whether the absorption edge shift is caused by the
reduction of the energy gap or by the foot of an
intense absorption band just below the edge. The
peaks in the PSD spectrum in chalcopyrites have
been assoclated with band edge excitons. The
results are plotted in Fig. 2. We find only a
small difference in the peak positions between
undoped and Mn-doped samples. The shift was as
small as 0.04 eV, which could not account for the
observed absorption edge shift of 0.3 eV. We,
therefore, conclude that the edge shift 1is caused
by an extra absorption band just below the gap.

As reported in our previous papers, a CW-PL
spectrum of CuAlSZ:Mn shows a luminescence band
with a peak at 1.96 eV. The spectral shape and the
peak position show no substantial changes by
changing the excitation wavelength. A time-
resolved PL measurement in a 5 mol%(=1.7 wt?) Mn-
doped crystal revealed that the spectral shape did
not show a substantial change throughout the time
interval of the measurement/2/. The decay time of
the red band was determined as 120 us. In that
study, however, we observed only for the
wavelength region longer than 500 nm.
present study we extended the wavelength region to
cover all over the below-gap energies.

In Fig. 3 time-resolved PL spectra in an undoped
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CuAlS measured at room temperature are
illustrated. Luminescence intensity(vertical axis) 10° —
is plotted in a logarithmic scale. Spectra are
corrected for the spectral responce of the : OELAY
measuring system. At the least measurable delay ,| 100ons
time of 25 ns after excitation the PL spectrum has 1071 200
a broad maximum around 2.2 eV. The higher energy
part of the peak rapidly lose intensity 1in less
than 50 ns and 1intense part of the luminescence
band moves towards low energies. Finally a peak at
1.7 eV remains and decays by 10 us.

500
lus

INTENSITY (ou.)

In Fig. 4 time resolved spectra in 0.1 wt7 Mn-
doped crystal are presented. At 25 ns after
excitation there appear two peaks at 1.7 and CyaiSaMa
2.9 eV. The lower peak decays with a lifetime of - At _
500 ns, while the higher peak decays by 50 ns. The 10 15 20 25 30 35
relative intensity of Mn-originated emission with EHOTON ENERG (%)

a peak at 1.96 eV 1Is very weak at the initial F 1,4 Blnd-Regtlved PL agfctra if
stage of relaxation and becomes prominent only at 0.1 wtl Hn-doped CuAlsS,.

a delay time as late as 1 us. With the use of Xe

lamp excitation we determined the decay time of

the 1.96 eV peak as 1.4 ms. 10°

The sample showing the most bright luminescence SELAT
was one doped with 1 wt?7 manganese. As

illustrated in Fig. 5 time-resolved spectra of the 10* b

1 wt7 Mn-doped sample show a prominent peak at
3 eV with a decay time of 50 ns. The Mn-originated

1.96 eV-band 1s clearly observed from the delay 3 = oons
time of as early as 30 ns. The lifetime of - %
1.96 eV-peak 1n 1 wt7 Mn-doped sample is reduced e o
to approximately one tenth of that in dilute sample. g %

E 102 50

It seems that an efficlent energy transfer occurs
from the host lattice to the luminescent manganese
center, just like the case of ZnS:Mn/5/. In this
connection, existence of the purple (3 eV) 10
emission should be noticed.What 1is the origin of

the purple line? As stated above, the 1 wt7 Mn-

doped sample shows an apparent absorption edge Fig.5 Time-resolved PL spectra in
around 3 eV, which 1s caused by an additional 1 wt% Mn-doped CuAlsS,.
‘absorption band below the edge of the host

crystal. We suspect this absorption is responsible

for the purple emission.

100

CuAlS2:Mn
lwi %
RT

K

1.0 15 20 25 30 35
" PHOTON ENERGY (eV)

Odr experimental finding that doping of Mn reduces the below-gap absorption may be
accounted for by a change of the valency of the impurity Fe from 3+ to 2+. By our
infrared PL studies we have elucidated that the Fe in a very low concentration {s
trivalent/6/ and occupies the Cu-site/7/. Fe3t at Cu-site would be reduced to pett
when Mn ion occuples the Ga site. Change of Fe-valency may account for the dramatic
reduction of below-gap absorption. For.higher Mn concentration, however, the dopant
ion would substitute both Cu and Al sites. The extra absorption band and the purple
emission may be associated with [Mn] . (i.e. the Mn®t occupying the Cu-site) or the
donor-acceptor pair consisting of [Mnjcu and [Mn]Al.
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(2) CuAlSe,:Mn

Mn ions show more complicated behaviors in CuAlSez
crystals. Figure 6 illustrates PL spectra of
undoped(#O), 0.05 wt?% Mn—doped(#l and #2) and
5 wt?% Mn-doped(#3) CuAlSe, single crystals
measured at low temperatures with the 488 line of
ArT ion laser. Even the undoped crystal shows a
red photoluminescence band with a peak around
1.5 eV. There is a striking similarity in the PL
line shapes between undoped and 5 wt?% Mn-doped
crystals. Slightly Mn-doped sample emits a red PL 05 o 3 50 55
with a peak around 1.8 eV at low temperatures, as PHOTON ENERGY (eV)
shown by curves #1 and #2 in Fig. 6. We
tentatively assign the PL band to Mn Ty Spectra
are completely different when excited by different
excitation wavelength.

racy

PHOTOLUMA)NESCENCE
3]

Fig.6 Low temperature PL spectra in
undoped and Mn-doped CuAlSe,.

Absorption spectra measured at 20 K are shown in
Fig. 7 for two samples with different Mn-
concentration; 0.05 wt% and 5 wt?%. No structures
are found in the spectrum of the 0.05 wt% Mn-doped
sample, while several structures with a
distinctive polarization dependence were observed
in the 5 wt?7 Mn-doped crystal. The overall feature
of the spectrum in the 5 wt? sample 1is ﬂfite
similar to the absorption spectrum of the Cr ion
doped in ZnS/8/, although the information of the
lowest band is missing due to the limitted energy
region of the present measurement. Since the

elgctronic configuration of Cr * is the same as ?O 20 300
Mot we may conclugi that heavily doped Mn ions in PHOTON ENERGY(eV)
CuAlSez become Mn substituting the Al-site 1in Flg.7 Echaptzed absisp@ieh spdhtss 1o

contrast with the case of Mn in CuAlSz. 0.05 wt?% and 5 wt7 Mn-doped
crystals of CuAlSe,.
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ELECTROREFLECTANCE AND PIHOTOLUMINESCENCE IN CuAl,Ga;_.S;

S. Shirakata, K. Saiki and S. Isomura
[Facully of Engincering, Ehime Universily,

Matsuyama, [thime 790, Japan

Electrorellectance (ER) and photoluminescence (PL)
have been studied on CuAl,Ga;—;S;(0< z <0.3) alloys
grown by iodine-transport method. Their crystal
qualily has been examined by the broadening in ER

spectra in connection with PL properties.

1. INTRODUCTION

The CuAl;Ga;_.S; alloy is a promising malerial for the application ol light-emitting devices
operaling in the green-blue region /1/. Recently, heteroepitaxial growth of this alloy has been
investigated [or such optical device applications /2/. However, only a few basic properties of this
bulk alloys have been studied by phase-shilt difference (PSD) /3/, photoluminescence (PL) /1/,
cathodoluminescence (CL) /4/, absorption and reflectance /5/ methods.

On the other hand, it is well known that an electroreflectance (ER) method is a powerful tool
for the characlerization of crystal quality as well as for the determination of the critical point
energy /6,7/. No ER study has been reported for CuAl;Ga;—;S; alloys except for CuGaS, /8,9/
and CuAlS; /8/.

I this work, both ER and PL mcasurements have been done on the CuAl;Ga,_,S; (0< 2 <0.3)
alloys grown by the iodine-transport method for the purpose of characterizing crystal qualitics.

Transition energies and broadness of the ER spectra are examined. LR results are discussed in

terins of PL spectra.

2. EXPERIMENTAL

The CuAl,Ga;-.S; alloys were grown by the iodine-transport niethod. Stoichiomelric amount
of constituent elements were transported with iodine of 18 mg/cm?® The source and growth
temperatrues are 900 and 700°C, respectively.

For ER measurements, an electrolyte KR method was used with 0.1N NII,Cl aqueous solution
at room temperature. The ER measurements were performed on the (112) [ace of as grown
cryslals. In order to compare the ER spectra with PL ones, heal treatinent in sulphur atmosphere
was not done though crystals were highly resistive. The measurement system and condition are
the same as those in our previous report /9/.

PL was exciled by 457.9 nm line of an Ar-ion laser. The emissions were dispersed by the sanic
monochromator as the BR measurcements and detected by Hamamalsu R-636 photomultiplier. Pl

imeasurenients were carried out at both roour temperature and liquid N, temperature.



3. RESULTS AND DISCUSSION

Figure 1 shows the polarized ER spectra for CuAl,Ga;-,S; crystals. Solid and dashed curves
show the ER spectra taken under the light with I polarized parallel (||) and perpendicular (L) to
the c-axis, respectively. Labels “A” and “B,C” show Lhe [y and Eg+ Acr transitions, respectively.
Transition energies and broadening parameters have been obtained by the three-point method /6/.
The broadness ol ER spectra is characterized by the broadening parameter (I'). Experiinentally
obtained ER spectra are allected by bfoadening due to crystal imperfections elher than the in-
trinsic life-time broadening effect. Therelore, the magnitude of I' can be sometimes considered to
be a ineasure ol the quality ol the crystal under consideration. It can be seen in Fig. 1 that the

ER peaks are sharp in the range ol z up to 0.13.

Further increase in z causes rapid broadening ol LR - g : . . —

peaks. This result shows thatl the crystal quality de- 580’?{"6"""5’ —_gi%

grades with increasing z. I'igure 2 shows the |' value & BC'L;[\ X=0

' L ) , e f f

ol the A-transition plotted as a [unction of 2. The \[ / 0

dala points are rather scattering. But, we can classify o !\ ,\ l’,-\, . X=005

them into two groups, (i) small I' value (18-30 meV) 3 ' ' \/;U '\7*/: ‘ '

indicated by the solid curve, and (ii) large I' value c o {\1 R L x=01

(40-70 meV) indicated by the dashed curve. The ER - " 'V N1 '
Tt : S s « Voo

spectra shiown in Fig. 1 are those l,'\.k(.‘lf with samples g | | .‘/\ | L\\x=0.20|.

shown by the solid curve in Fig. 2. In CuGaS,, it has = A w \\1/ R

. N \‘

been shown that the transitions with small I' value ‘/\ I

(near 26 meV, k'T' value at 300 K) are due to exci- ; } . o 02

ton transitions, while those with large ones (typically \/ ~/

larger than 40 meV) are due to band-to-band transi- ] ! . :

. 2

2526 _ 27 28
tions /9/. Based on this result, it is considered that PHOTON ENERGY (eV)
narrow BR spectra with small I' value (18-30 meV) Fig.1. ER spectra in CuAl;Ga,_,S,.
are due to the exciton transition, and broad ones with

large 1" value (10-70 meV) are due lo band-lto-band

transitions. <60 | I ' ' T I ]
In order lo correlate the IR results with L, PL E | &J;A‘OSSEHSZ /9’,
spectra al 77 I{ have been measured [or the two Lypes f;
of crystals having the same alloy composition; (a) Eeo
crystals with small ER I' value, and (b) crystals with P
large one. Iigures 3 and 4 show ER and PL spec- EAO
tra taken for CuAlg13GaggrS,, respectively. Il can %
be seen that the crystal exhibiting sharp LR spec- c%)zo
trum (small I' value of 23 meV) show strong exciton &
emissien al 2.60 eV, while the L spectrum of the £ L ki
crystal exhibiting broad ER (large 1" of 63 meV) is R T o5 020 o
dominaled by the broad réd PL baund at 1.9 eV. GUROSITION X
Room temperature PL spectrain the near-handgap Fig.2. LR broadening paramcler

region have been examined, and the spectra are shewn plotted as a [unction of z.
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I'ig.3. IR spectra of CuAlg13Gay 8752
with small.(upper curve) and large
(lower curve) ER broadening paramecter.

in Iig. 5 As composition z increases, the [ollow-
ing results have been obtained: (i) increase in the
full-width at hall-maximum (FWIIM) value of PL
peaks as shown in Fig.6(a), (ii) remarkable tailing
ol low-energy side ol PL peak, (iii) increase in the
energy shift ol the PL peak [romn the encrgy of the
A-transition determined by ER measurement as can
be seen in I'ig.6(b). Tlese results indicate that the
near-band edge PL at room temperature is allected
by delect levels as z increases, corresponding lo the
increase in intensity of the broad red L band around
1.8 eV at 77 K. Previously reported CL results have
shown the increase in the red band with increasing z
/4/. These PL results indicate that the crystal qual-

ity degrades with increasing the Al composition z,

and the resulls are consistent with the magnitude of

the broadening parameter in LR spectra mentioned

above.
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Fig.4. PL spectra at 77 K taken with

the same samples in Fig. 3.
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[ig.5. Near-band edge I’L. at room
temperature in CuAl,Ga;_.S,.

The crystals with z >0.3 exhibil no ER spectra, and their PL spectra at 77 K are dominated

by red emission band. Lven in the range of 2 <0.3, sone crystals with poor PL propertics did

not show any detectable ER signals. Therefore, we believe thatl no ER signal is mainly due to the

poor quality of the crystals with = >0.3.

1. SUMMARY

BR and PL measurcments have been done for CuAl,Ga,—,S; with the composilion range

0< 2 <0.3. Based on the broadening paramecter in the ER spectra, crystal quality has been

examined. We showed thatl the mutual comparison of ER and PL spectra in this CuAl,Gaj—;S,



alloy is useful for the characterization of crystal qual- ' -
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ity. The results show that increase in Al composi-
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tion causes the remarkable degradation of the crystal

quality of the iodine-transported crystals.
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Fig.6. (a) FWIIM ol near-band edge PL,
and (b) energy shift of PL peak
from A-transition, plotted as a
function of z.
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PHOTOLUMI NIEESCENCE IN Yh-DOPED [-111-VI, COMPOUNDS

S. Shirakata, K. Ishii and S. Isomura
[Faculty of Iingincering, IShime University,

Malsuyama, Ichime 790, Japan

Near-infrared photoluminescence (L) has been
measured in CuGaS,, CuCiaSe,, AgGaS; and
AgGaSe; crystals doped with Yb. Sharp PL
lines are discussed in terms ol the transitions

between the spin-orbit levels of Yb3*.

I. INTRODUCTION

Recently, much attention has bheen paid to the rare-earth related luninescence in semiconduc-
tor. Rare-earth impurities such as [ir, Yb and Nd show sharp luminescence lines in near- infrared
region /1-4/. They are expected as new luminescence centers for the application of laser diodes
and LISD operating in ncar-infrared region /5,6/. 1t is striking that the laser cmission due to [5r**
has been realized in the Er-doped InGaAslP> DI laser /7/.

[However, [ew has been reported [or the emission due to 4[ rare-earth 1on in the chalcopyrite
crystal, although Er and Yb impurilies have been studied for ternary and qualernary chalco-
genides; Cdln,Sy, ZnluySy and CdinGaSy /8,9/.

The purpose ol this work is to investigate the inlrared emission due Lo the trivalent rare-
carth ion, YL*, in the 1-111-VI; compounds. In this work, the Yb impurity has been doped in
CuGaS,, CuGaSe;, AgGaS,; and AgGaSe; crystals. Low-temperature photoluminescence (’L)
measurements have been carried out, and sharp PL lines observed in the 1um region are discussed

in teris of the spin-orbit levels of YL3*.

2. EXPERIMENTAL

The Yb impurity was doped during crystal growth. CuGaS; was grown by the iodine-transport
method in a closed quartz ampoule. The other compounds were grown by cooling (10°C/hour)
the mielts. In botli case, Yb metal element was charged with an amount of 2 mole % with respect

to Ga, together with other constuent elements.

PL was excited by the 514.5 or 488.0nm lines ol an Ar-ion laser, while the samples were
immersed in LN, The emissions were dispersed by a monochromator with 50 cn focal-length,

and phase-sensitively detected by a Ge-photodiode cooled down 1o 77 K. No correclions for systeimn

response were performed.

3. RESULTS AND DISCUSSION
I'igure 1 shows the PL spectrum of AgGaSep:Yb at 77 I We can sce PL peaks in two dilferent



wavelenglh regions, (i) near bandedge region, and (ii)
the region around lpun. Near bandgap, cmissions
due to an exciton (1.813 ¢V) and a shallow iinpu-
rity/defect (1.7 ¢V) can be scen /10/. Around 1.24
eV, sharp PL lines are observed, which are character-
istic of Yb-doped semiconductors. The energy and
the line shape of the PL spectrum are very similar to
those in Yb-doped InP /1,6/.

Similar sharp PL lines have been observed for
AgGaS,:YDb and CuGaS,:Yh in the Ipm region ex-
cept for CuGaSey:YDb. The detailed PPL spectra in

the energy region between 1.1 and 1.3 eV are shown
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Fig.1. PL spectrum in AgGaSe,;:Yb at 771,

for these compounds in [ig. 2. The energy positions of these lines are summarized in Table 1. The

PL spectrum lor AgGaS;:YD is donminaled by strong line atl 1.249 ¢V. In ils lower energy side; as

many as fifteen weak lines spread down to L.11 eV. On the other hand, only a few lines (1.22-

T=77K

PL INTENSITY (arb.units)

1.1

1.2 o
PHOTON ENERGY (eV)

I'ig.2. Near-infrared 1L spectra in Yb-doped
AgGaS,,CuGaS,; and AgGaSe;.



1.25 ¢V) which are closely spaced have been lound in CB.

AgGaSey and CuGab;. I'ronr energies and sharpuess rI:Z:F
ol the ’L lines, they are considered to be due to the
transitions between the spin-orbit levels (“’F%*2 I“%) of <<
Y2 (403).
Iigure 3 shows the energy level scheme ol Yh** ,———-L
('ll'm). FFor the [ree ion, the strong spin-orbit inlerac- F7/2 rg:p
tion splits the multiplet 2F into 21“% (excited stale) W/YWISWZWVB,
and 214‘% (ground state). In the chalcopyrite lattice, ALS Tg Dz
the exciled state splils into three levels (1's,l's and Fig.3. Level scheme of YL in
I'7), and the ground state into four levels (I'7,15,1", chalcopyrite lattice.

and I's) due to the crystal field at the YD** site. T'he
splitting of the I'g level (zinc blende) into 'y and Iz levels (chalcopyrite) is due to reduction of
the site symmmelry in the presence ol tetragonal distortion of chalcopyrite lattice.

In YDh doped InP, it has been confirmed that YL** occupies the group 111 atom, In, site /11/.
Analogously, in I-Ga-Vl, crystals, YL?* is considered to substitute the Ga site. ‘The Yb atom is
tetrahedrally coordinated by four ligands, S or Se in this case, and the tetrahedron is compressed
due lo the tetragonal distortion (¢/a<2). Therefore, Yb3* suflers the compressive axial crystal
field. The differences in the tetragonal distortion and the ligands may aflect the crystal field. Such
crystal lield is considered to be reflected in fine structures in PL spectra.

The large difference in the PL spectra between AgGaS;:YDb and CuGaS;:YD may reflect the
difference in the tetragonal crystal ficld. Both crystals have the same sulphur ligand, but the
tetragonal distortion of AgGaS; (c/a=1.789) is much larger than that of CuGaS; (c/a=1.948).
T'he AgGaSe; crystal has also large tetragonal distortion (c/a=1.793). But the PL lines locate in
much narrower energy region than that in AgGaS:YDh. The reason may be the diflerence of the

ligands; S and Se. In chalcopyrite lattice, there is a possibility that the YD ion substitutes the

Table 1. L line in Yb doped AgGaS,, CuGaS; and AgGaSe; taken at 77K.

AgGaS; CuGiaS, CuGaSe,
Line [inergy(eV) line linergy(eV) line Energy(eV)
I 1.249 | 1.245 (I 1.257
% 1.227 2 1.233 2 1.242
3 1.224 3 1.222 3 1.224
1 1.200 1 1.215
5 1.191
6 1.185
7 LA75
8 1.154
9 1,151
10 1145
1 1139
12 1.133
13 1.128
il 1.126
15 L7
16 .11




group | atom site, where the local environment around Yb ion is diflerent from that at the Ga
site. In YD doped Inl”> and H-VI compounds, the emissions due to Yb**-delect complex have been
reported /L1-13/. Thercfore, muc care should he taken on the assignment of the Yb-related 'L
lines. In AgGaS,:YDh which shows a large number ol PL lines, several centers such as Yb al Ag

sile and Yb-delect complex should be taken into account.

4. SUMMARY

Photoluminescence related to Yb impurity has been studied for CuGaS,, CuGaSe;, AgGaS,
and AgGaSe,. Sharp PL lines have been observed in the lpm wavelength region. They arc
considered to be the transitions between the spin-orbit levels of YL3*. The dillerence in the
fine structure in the PL spectra among these compounds may reflect the crystal field around Yb

impurity.
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EPR STUDIES OF ELECTRON-IRRADIATED CdIn;S4 SINGLE CRYSTALS
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Department of Physics, College of Humanities and Sciences, Nihon University ,
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*Groupe “Recherches Physiques et Matériaux”, Centre de Recherches Nucléaires,
IN2P3-CNRS, Université Louis Pasteur, BP20, 67037 Strasbourg Cedex, France.

To investigate defect levels in the single crystal of CdInyS4, EPR
experiments have been performed on both as-grown and electron-
irradiated samples over the 4.2-100 K temperature range with and without
illumination of the band-gap light. Two EPR signals are observed in as

grown samples, and two new ones emerge out after the irradiation.

§ 1. Introduction

The electron paramagnetic resonance (EPR) is a well known method especially useful to
investigate the properties of magnetic centers in crystals, e.g., F-centers, electrons trapped in
imperfections or impurities, intentionally doped paramagnetic ions and even carriers. In CdIn,Sy as is
common to other ternary compound semiconductors, many structural defects are known to exist to give
strong influence on their electric properties. Normally, such defects give no EPR signal when the
sample is highly compensated as in CdInyS4, but the excitation by light or other external stimulation will
often produce EPR signals useful for the study of the mechanisms of defects.

The purpose of the present paper is to study the defect levels in both as-grown and electron
irradiated single crystals of CdInyS4 by the EPR method under illumination of light and discuss the
origins of these defects.

§ 2. Experimental procedure

Single crystals of CdInS4 were grown from stoichiometric compositions of each element by the
normal freezing method. In the growing process, a 0.25% excess sulfur was added to make crystals
highly resistive (5%106 Q.cm in the dark at room temperature). Samples were cut into blocks of about
2% 1%7 mm3, the long edge being oriented along the [110] direction.

EPR experiments were performed using the X-band Arpeggio system equipped with a TE102 cavity
under the microwave power from 0.01 to 100 mW, and the field modulation of 100 kHz with an
amplitude between 1.25 and 25 G under a sweep-rate between 1 and 20 G/s. An Oxford helium-gas-
flow-type cryostat was used for the temperature variation.

Illumination was made with monochromatic light using a 250 W halogen lamp. Samples were
irradiated with 1.8 MeV electrons of a.beam current of 8 LA/cm? at room temperature. EPR



measurements were carried out for samples irradiated at doses of 0.1, 0.5, 2.0 and 7.5 ¥1017 cm™2.

§ 3. Results and Discussion

3-1. EPR signals for as-grown samples
Before illumination, two EPR signals

(one at g=4.3 and the other at g=2.03) were

observed in the dark as shown in Fig.1(a).

The former is considered to arise from an Fe

contamination, and the latter narrow line is

due to unknown impurities. In the
following, we neglect these and focus our
attention to signals affected only by

illumination and/or electron irradiation.

During illumination with the band-gap
light (A = 530nm), two strong symmetric and

isotropic singlets emerged out at g=2.02 (S1)
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Fig. 1 EPR signals of an as-grown CdIn2S4 (a) in the

dark and (b) under illumination of the 530nm
light.

using the least square fitting method, the line shape of
S1 was shown to be gaussian and that of S2
lorentzian. Both singlets were completely saturated
after five minutes of illumination under the condition
above, and began to similarly decrease with time after

the light off as shown in Fig.2; the lifetime is

and g=1.66 (S2) as shown in Fig. 1(b). By
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Fig. 2 Relaxation of EPR signals after light
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estimated as two hours for both singlets.

The S1 and S2 signals are quenchable by light of
an energy below the band gap. Figure 3 shows the
rate of quenching for both singlets as a function of the
wavelength. Therate is the highest at the wavelength
of about 1pum, and is higher for S1 than for S2 in the
longer wavelength side. At the wavelength near the

band edge, it was observed that the EPR signal first

.increased. with time and then decreased again,

indicating that both excitation and quenching occured
simultaneously.

Figure 4 shows the temperature variations of S1
and S2 recorded under illumination with 530nm liight
in the temperature range from 4 to, 100 K. The EPR

Fig. 3 The rate of ‘quenching for each EPR
signal vs. the wavelength.

intensity of S1 times temperature remains constant up
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and may not do hopping between centers.

inhomogeneous magnetic fields at the centers may give rise to the gaussian shape of S1.

to about 20 K showing that it obeys the Curie's law ;
on'the contrary, S2 deviates from the Curie's law over
the whole temperature range. In contrast to the line
width FWHM for S1 (A4 1) which is kept constant,
that for S2 (AH2) decreases with increasiag
temperature, hinting at a motional narrowing /1/ of S2.

The lorentzian shape, the negative g-shift and the
decrement of both intensity and linewidth with
temperature strongly suggest that S2 should be
ascribed to electrons in trapping centers; the electrons
can interact with each other and also can move by
On the other hand, the

line shape of S1 is gaussian with positive g-shift and

hopping among the centers.

its intensity and AHI do not change as temperature is
increased, so that the origin of S1 is considered to be
holes trapped in the acceptors.

The trapped holes are rather independent each other

The unresolved hfs (hyper fine structure) splittings and/or

From the

abrupt decrease of the EPR signals above 20 K for both singlets (see Fig.4), activation energies of the

trapped electrons and holes are estimated as 35 meV, which is comparable to the value obtained by TSC

measurements /2/.

3-2. EPR signals after electron irradiation

conductive
sample
m

Cdlnzsl 42K

e irradiation

Figure 5 shows EPR spectra measured in the dark
before and after electron (e-) irradiation of different doses.
At the lowest dose of 1%1016cm2, a new singlet S3 was
Both intensities
Above
this value, S3 disappears and a new sharp singlet SF2

induced together with a trace of S2.
increase with doses of up to about 1x1017 cm=2,

(g=1.66) emerges out at nearly the same g-value as S2.
The intensity of SF2 was not saturated up to the microwave
power of 100 mW in contrast to SF1 which was saturated
even at 0.01 mW.

The intensity, FWHM and g-value of SF2 as a
FWHM

decreases rapidly with the increase of temperature,

function of temperature are shown in-Fig. 6.
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indicating a strong motional narrowing below 20 K.
By the e~ irradiation, S vacancies (Vg) are
expected to be introduced in CdInyS4, which is also
suggested by the smell of sulfur just after the
irradiation. The initial compensation between
carriers may be destroyed by these extra vacancies.
Electrons released from these are captured again by the
electron trapping centers, and thus S2 appears even in

the dark.
number of Vg also increases, and finally, electrons in

As the dose of irradiation increases, the

Vs may move freely in some region in a crystal /3/,
giving rise to the EPR line of SF2. A deficiency of
sulfur can be realized by growing a sample without an
excess sulfur. As shown in the top of Fig.5, such a

sample gives a signal similar to SF2, supporting the

EPR Intensity

FiHM (G)

g-value

1.0
0.8
0.6

0.0

151

1.662

1.660

-L/Q/Cd IS,

041
021

SF2

e’ irradiation 7.5x10" /cm’

10 A
100/7

30

Fig. 6 The EPR intensity, FWHM and g-value of

above presumption. SF2 singlet vs. inverse temperature.

At temperatures above 40 K, the intensity of SF2 again increased with temperature as shown in
Fig. 6. Since the number of conduction electrons obeys the so-called exponential law, the Curie's or
Pauli's law will no more hold above a certain temperature. Since the EPR signal is proportional to the
number of the paramagnetic electrons, its intensity changes according to the exponential law. By
fitting the exponential law to the observed spectra, the activation energy is estimated as about 40 meV in
good agreement with the value from Fig. 4. Above about 100 K, samples are too conductive for EPR to
be detected.

Illumination by 530 nm light again raises the intensity of S1, S2 and S3, which are independent of
the fluence value as shown in Fig. 1. A new singlet S3 appears only in the spectra of electron-
irradiated samples both in the dark and after illumination. S3 has the gaussian shape and obeys the
Curie's law. The g-value of S3 is exactly the same as that of donors in CdS. The origin of S3 may
be ascribed to donors in CdS-like regions created by the e~ irradiation.

§ 4. Conclusion
Several types of defect levels in CdInyS4 are revealed by the EPR method. Among those, the
S3 is due to the defects

SF2 is due

lines named as S1 and S2 are intrinsic ones related to the trapping centers.
generated only by the e irradiation, presumably arising from donors in CdS-like regions.

to conduction electrons released from the sulfur vacancies introduced by the e~ irradiation.
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OPTICAL PROPERTIES OF LAYERED SEMICONDUCTOR
~CdInGaSy4 AND RELATED PHENOMENA

Taizo Irie, Saburo Endo and Hisayuki Nakanishi
Department of Electrical Engineering, Faculty
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Optical properties such as optical absorption,
photoconductivity, photoluminescence and Raman
scattering of the layered semiconductor CdInGaSy
are reviewed. Experimental results and analyses

of the green emission in CdInGaS4 are presented.

The quaternary compound CdInGaS4 shows an intense red photolumines-
cence even at room temperature /1/ and photoconductive in the visible
region of the spectrum. Furthermore, it has a layer structure with
easy cleavage along the layers. Therefore, this compound is consider-
ed to be a promising material for many optoelectronic devices. In this
paper, the optical properties of CdInGaS4 reported by several authors
are reviewed. _

In the course of our investigation about CdInGaS4, we have found
that this material shows an intense green photoluminescence as well
as the red emission at low temperatures, in some portion of the crys-
tals /2/. In this paper, our investigation about finding materials
which show the same intense green emission as observed in a portion
of the CdInGaS4 crystal is also reviewed. It will be shown that such
a material can be obtained from a laminated structure composed of
CdsS and CdInGaSy4.

It is reported that CdInGaS4 has a rhombohedral structure with a =
12.53 £,1X= 17°437and belongs to the space group C33(R3m) /3/. The
lattice structure in the hexagonal representation is reported to give
a=3.86 A and c=37.0 ﬁ, i.e. an elongated structure along the direction
of c-axis /4/. We have prepared CdInGaS4 single crystals by normal
freezing and by Bridgman method as well as by chemical vapour depo-’
sition- (CVD) using iodine as a transport agent. The lattice constants
for the crystals grown by normal freezing were determined from X-ray

powder diffraction and X-ray photograph by oscillating crystal method
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to be a=3.85 A and c=36.97 A /5/. The atomic arrangement in the unit
cell of CdInGaSy4 was determined by a computer simulation assuming a
structure derived by analogy with that of ZnIn;S4 /5/. Takizawa ob-
served a lattice fringe image of our sample by transmission electron
microscope and found that the spacing between successive fringes was
about 13 A. Electron microscopy and electron diffraction study of
CdInGaS4 has been made by Manolikas and Anagnostopoulos and a super-
structure was found on well-annealed samples /6/.

The optical absorption spectra of CdInGaS4 have been measured by
several authors /7-13/. We have measured the optical absorption spec-
tra as functions of temperature and hydrbstatic pressure on the crys-
tals prepared by normal freezing /8,9/. Recently, we have measured
the absorption coefficient in the range from 10 em™! to 105 cm7!
near edge region using various samples having thickness from 0.2 Am

to ZOO/Lm. We have also measured the

temperature-modulated absorption
spectra, in order to make distinction 10° -

between direct and indirect trnsi- /

hv-1.08
° | @y=8.4x10" ""

tions. The result is shown in Fig.l.
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photon energies, the data can be fit-
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ted with the curve for direct tran-

sition as shown in the figure and

give the direct gap of 3.08 eV at o ig iu ;5 tP

300 K. The value of d/dT obtained PHOTOK ENERGY (a¥)

by the temperature-modulated meas- Fig.l.Absorption and thermo-

urement increases with increasing absorption spectra of
photon energy in the indirect tran- CdInGaSy.

sition region, reaching a maximum at

the photon energy for the direct gap, then decreases rapidly as pre-
dicted by the theory for temperature modulation spectroscopy /14/.

We ascertained that the spectra shown in Fig.l is essentially identi-
cal between the crystals prepared by melting methods and those by
CVD. Table 1 lists the band gap parameters of CdInGaSg at 300 K de-
termined from the absorption measurements and reported so far in the

literatures. An exponential absorption in the spectral region below



the fundamental absorption edge Table 1. Energy band parameters
of CdInGaS4 was found and ana- of €dInGaSy.
lyzed by Toyoda et al. /15,16/.

The refractive indeces of
CdInGaS4 for the ordinary and dlrectg?n(:lvrict %g(év/l()fgfg(“/bar) Reference
extraordinary rays were meas- ’%gg e %gﬁg: 6.4x02 ﬁgJMSWMk
ured by Allakhverdiev et al./17/.]| 2.92 5.3x10™ 12

The photoconductivity spectra 2.67 6.7x107 13

of CdInGaS4 have been studied by

many authors and reviewed by Tarricone et al. /18,19/. It was found
that the conductivity increase is about 108 and 10° in magnitude at
110 K and 300 K, respectively, under an illumination power of about
1 mW/cmz._Our thermal quenching experiment showed that the level of
the sensitizing center is located at about 0.23 eV above the valence
band, in good agreement with the result by Tarriconé et al. /18/.

As has been stated already, CdInGaS4 shows an intense red photolu-
minescence even at room temperature. The red emission shows a broad
band in the spectrum peaking at about 2.0 eV of the photon energy.
We found that the peak energy shifts with the change of the excita-
tion energy, indicating that the red broad band is consisted of seve-
ral bands. This fact was confirmed by the time-resolved spectroscopy
performed by a Ny pulsed laser or a Coumarin 460 dye laser pumped by
a Np pulsed laser/20/.The spectrum showed that the red band was com-
posed of three bands peaked at 2.08 eV, 1.96 eV and 1.76 eV at 77 K.
The transitions are considered to be band-to-bound for all three
bands. On the other hand, Colocci~et.al./21/ measured the time-re-
solved spectra of CdInGaS4 prepared by CVD and indicated that the
red emission is due to a geminate recombination of e-h pairs. The red
emission can be excited by the energy lower than the gap energy in-
dicating that some trapping centers are concerned. Then we have meas-
ured the thermoluminescence. By varing the heating rate of the grow
curve, the trap depth was determined to be 0.065 eV. Existence of
such electron traps in CdInGaS4 have been pointed out by Abddhlaeww
et al. /22/ by voltage-current characteristics. They reported that
the trap depth is 0.1 ~ 0.2 eV.

The lattice vibrational properties of CdInGaS4 have been studied
by the measurements of infrared reflectivity and infrared absorption
by several authors /23,24/. The Raman scattering spectra have been
measured in the first place by Abbasov et al. /25,26/ on the samples
prepared by Bridgman method at 80 K and :300 K. They observed 13

Raman bands out of 24 predicted Raman-active modes assuming Cj,, sym-



metry and suggested that CdInGaSg4 has the space group D3é rather than
C33 . However, Kambas /27/ measured the infrared reflectivity and the
Raman spectra and showed that all the infrared modes coincides almost
exactly with corresponding Raman bands, indicating that the crystal
has the space group C33 . Razzetti et al. /28,29,30/ measured the
Raman spectra of the CdInszéz(l_x)SX system. We have measured the
Raman Scattering of CdInGaS4 single crystal of 5 mm x 5 mm x 1.5 mm
dimensions prepared by normal freezing for all kinds of scattering ge-
ometries. Comparing the (zz) polarization with (xx) and (yy) ones and
with (yz), (zy), (xz) and (zx) ones, we could distinguish between Aj
and E modes assuming C3y, symmetry. In all, we have observed 16 modes

as shown in Table 2. In this table, observed

modes by other authors in infrared spectra are Table 2. Vibrational

also listed. : frequencies (cm™1)
In the course of our investigation about of CdInGaSy.

CdInGaSy4, we have found that this material

shows an intense green photoluminescence at ?gmﬂ mﬁe(dﬁqnumeme

low temperatures in a portion of the crystals 21

prepared by normal freezing /2/. We considered gg .

that this green emission was due to polytyée 103 | A 95 27,23

such as Cd3InGaSg which might be contained in }92 E }gg %;

the crystal of CdInGaSy4. Then we sealed raw 197 §g§‘§%27

materials into an evacuated quartz tube by the 2211 217 | 24

constitution Cd3InGaSg and heated to about %%gA %%g gg

1100°C and slowly cooled to room temperature. %g; A+ %gg gg

The obtained ingot was a polycrystalline sub- 303 | A ggg %2

stance, more reddish in color and more diffi- ; ggg %Z

cult to cleave than CdInGaS4. The composition 331 | E 334 | 23,24

was ascertained by electron probe microanalysis. : gzg %2,27

It was found that this material shows a very oba ; ggg g}zq,

intense green emission in any portion of the 401 E

ingot at low temperatures when' excited by ar?
laser 488 nm light /31/. The peak energy, spectral shape and the tem-
perature. dependence of the intensity of this green emission are same
as those of the emission found in the crystals of CdInGaSy4. The emis-
sion mechanism was determined from the time-resolved spectra and the
shift of peak energy with excitation intensity to be donor-to-accep-
tor recombinations /20/..

However, the green emission of Cd3InGaSg was found to show a pecul-
iar dependence on excitation energy /20/. For excitation at 3.40 eV

and 2.85 eV, only a red emission which peaks at about 2.0 eV and very



similar to the red band observed in CdInGaS4 appears. For excitation
at 2 54 eV, the shape of thé spectrum changes drastiéally, iye. the
2.0 eV band dlsappears and the green emission at 2. 38 eV as well as

a red emission at about 1.7 eV appear. Such a behav1or could be ex-
plained when the emission is not from a single substance but from a
matérial composed of two different substances. We chsidered:that
Cd3InGa56 is not a compound but a material composed of CdInGaS4 and
CdS because the X-ray diffraction pattern of Cd3InGaSg is consisted
of the diffraction lines for CdInGaS4 and CdS as shown in Fig.2. How-
ever, relative intensity of .the

line at the diffraction angle 29

=26.5° to adjacent two lines on : : CdInGas,
either side is very different

from that for CdsS. Furthermore,

Al

the X-ray diffraction lines from
Cd,InGas,

the growth face of Cd3InGaSg are
composed of those for CdInGaSy ,\
and L -CdS and are all from the L o AA

crystal planes perpendicular to cds

DIFFHAGTIUH INTENSITY (arb.unlt) .

the c-axis in the hexagonal struc-
ture /5/. These facts indicate . {J
that Cd3InGaSg is not a mere mix- ‘—~—J L—/\‘k--”“““*

ture of CdInGaS, with CdS but a 10 a0 2;0 (g) 0 N
g

laminated material in which CdInGaSy

and CdS are epitaxially grown mu- . Fig.2.X-ray diffraction patterns
tually in the direction of c-axis, ‘ of CdInGaSy, Cd3InGaSg and
though the perjodicity of lami- cds.

nation is cons derab y disordered

as can be seen in the diffuse Laue pattern./5/. It is considered that
the intensity of the X-ray diffraction line at 28 =26.5°, which cor-
responds to (OOZ)CdS} is an indication of the lamination.of CdInGaS4
and CdS. We have simulated by computer the diffraction. pattern of
CdS/CdInGaS4 laminated structure and could nearly reproduce the ex—
perimental diffraction pattern /32/. :

In order to examine the effect of lamination on the green.emission,
mixture of the powders..of CdS add €dIo6a84. with..2:]l.maédar rzatio was
heat-treated in vaccum for about 1 hour at several temperatures be-
tween 600°C..and:1200°C and the X-ray powder diffraction and the . pho-
toluminescence spectra have been measured.. Figure.3. shows the rel-
ative. intensity of the diffractien line at .29 =26.5° to_the adjacent

line at 26,724.8° and the green emission.intensity.as a.functiop;of
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the heat-treating temperature. It can be seen that an increase of the

diffraction line at 28 =26.5°, i.e. the formation of laminated struc-

ture, and the green emission are very closely related each other. We

have also measured the X-ray diffraction and the photoluminescence of

the Cdy;InGaS34x(x=1 ~ 3) system. Figure 4 shows the relative inten-

sities of the diffraction line at 28 =26.5° and the green emission

as a function of the composition x.

Thus, results of the X-ray and photoluminescence studies led us to

conclude that Cd3InGaSg is a laminated material composed of CdS and

CdInGaSy, i.e. a kind of superlattice structure, and that the intense

green emission is closely related with such a laminated structure.

High intensity of the green emission is interpreted by the laminated
It is known that CdInGaS4 has an energy
The

structure model as follows:
gap larger than that of CdS and has high density electron traps.

observed green emission is due to D-A pair recombination in CdS. The
trapped electrons in CdInGaS4 can act as a source of the recombina-
tion in CdS as they can be injected into CdS by the potential gra-

dient formed in the n-n heterojunction and result in an enhancement

of the green emission in CdsS.

In order to examine our model of laminated structure, we have per-

formed an experiment to intercalate CdS layers into CdInGaSy4. It can

be expected to form easily the intercalated layers of CdS into CdIn
GaSy4 lattice because of the weak Van der Waals binding between the
layers. We have heat-treated thin plates of CdInGaS4 single crystals
at 400°C in the vapor of CdS heated to 800°C from 10 to 40 hours.



The sample treated 40 hours was found to show very intense green emis-
sion. The shape, the peak energy and the dependence on excitation en-
ergy of this emission band are same as observed in Cd3InGaSg. It was
found that the sample treated 40 hours shows an intense line at 28 =
26.5° in the X-ray diffraction pattern indicating the laminated struc-
ture.

In conclusion, CdInGaS4 is a very interesting material in solid
state physics as well as optoelectronics and many investigations have
been made. However, there are many problems remain to be solved, par-
ticularly about the crystal structure, the band structure and the lat-
tice vibrational properties. The intense green emission found in CdIn
GaS4 was found to be due to a laminate structure composed of CdS and

CdInGaSy.
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T.Toyodal, H.Nakanishiz, S;Endoa_and ’I‘.Irie3

1 .Department df Appliéd ?hysics and Chemistry, The
University of Electro—Communications, Chbfu,
Tokyo 182, Japan ' ‘

2.Department of Electrical Engineering, Faculty of
Science and Technoiogy, Science University of
Tokyo, Noda, Chiba 278, Japan

3.Department of Electrical Engineering, Faculty of
Engineering, Science University of Tokyd, Tokyo

162, Japan

The optical absorption of CdInGaS4 has been mea-
sured in the 2.0-3.0 eV photon energy range,at tem-
peratures from 10K to 800K,and over a pressure range
up to 40kbar.The interband gap was found to have a
temperature coefficient of 48{0x10-4eV/K and a pres--

sure coefficient of +6.4x10_6ev/bar.

The compound CdInGaS4 is a high-resistivity n—type semiconductor,
which is of interest as a new photoconducting material sensitive in the
visible part of the spectrum /1-3/. It shows an intense red photolumi-

nescence, even at room temperature /4/,and therefore has significant

potential for applications in light emitting devices. Recently, a new

green emission band of CdInGaS4 has been found at low temperatures /S,

6/. Moreover, it 1s one of the materials considered for use in'optical

fiber sensors because it is stable in a high-temperature atmosphere and
shows isotropic thermal expansion /7/. Also, it is a good candidate for
applications as photovoltaic detector in the ultraviolet spectral re-

gion /8/. It belengs to the Cd(GaXInl_x)ZS4 system in which end members

CdGa284 and - CdInZS4 have the defect“Chalcopyrite and cubic spinel struc-

ture, respectively. This system has a finite homogeneity range over

which rhombohedral crystals grow, and for x=0.5 it crystalllzes in' the

same layered structure as ZnInZS /9-11/. A recent electron-diffraction

measurement shows that the following latticelpararr{eterstfof'CdInGaS4 at
EL o Q,;. y 5 s

room temperature a=b=6.62 A and c=24.7 A /12/. Although several in-

vestigations have been carried out recently to study electrical and op-



tical properties, there are a few investi-
gations to clear the nature of type of op-
tical transitions and temperature and hy-
drostatic pressure debendence of fundamen-
tal absorption edge in CdInGaS4. This paper
reports a study of the fundamental absorp-
tion edge in CdInGaS4 over a wide tempera-
ture range from 10K to 800K and over a
pressure range up-to 40kbar.

CdInGaS4 single crystalsiwere grown by
the normal freezing method using high puri-
ty (99.999%) starting materials (atomic ra-
tio, Cd:In:Ga:S=1:1:1:4.015) in an evacu-
ated quartz' tube (mlO_6Torr). The X-ray
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possiBle to prepare thin high qual-

ity specimens sutable for optical %
investigations. The optical absorp- §|W-
tion coefficient X was determined i
from the ratio of transmitted light § o

intensity to incident one using the

value of the reflectivity at room o
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temperature.
Fig.l shows the low level opti-

s
2.2 2.4 2.6 2.8 30

Photon Energy hwlev)

cal absorption spectrum of CdInGaS4 Fig.2.Variation of @Xﬁw)l/z -

at room temperature using the coor-
temperature versus ho.

dinates (dﬁw)l/z and photon energy

fiww in the case of 32um sample thick-
ness. The step-like structure can be
seen and this was typical of indirect L

transitions. Similar structure also

~
.
v

can be seen in the case of Slﬁpnlsam—

ple. This structure 1s very similar

Energy Gap Eg {ev)
v
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to the result by Abdullaev et al./2/

in which the measurements were done L

at 80K. We can see ten steps. In or- 5
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der to determine the energy gap Eg

for the indirect allowed transition,
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QXﬁw)l/z is plotted as a function of Fig.3.Dependence of the energy

photon energy Aw in Fig.2. The char-

gap Eg on temperature.



acter of all slopes in Fig.2 is almost

independent of temperature. Extrapolat-
ing a linear portion to (dﬁw)l/2=0, the 2081
indirect allowed energy gap Eg at the re-
spective temperatures can be obtained as
shown in Fig.3. The thermal coefficient
of energy gap E_, dE /dT,is approximate-
ly -8.0 x 10-4e3/K ag high temperature

100 |-

tahw ™ Levemt )2

region. The absolute value of dEg/dT in
CdInGaS4 is larger than those for GaP,

GaAs and Si. The hydrostatic pressure was

S0

applied by the diamond-anvil pressure

cell using a mixture of methyl-ethyl al-

cohol (4:1) .as the pressure transmitting

2.8 3.0 3.2

medium. @Lﬁw)l/z is plotted as a function 2.t 2.6
of photon energy fw. The character of all Froten Enersy b et
slopes in Fig.4 is almost independent of Fig.4.Variation of @bﬁw)l/z
pressure. The indirect allowed energy gap on pressure versus Aw.

E at the respective pressures can be ob-

tained as shown in Fig.5. The pres- 2.9 " ; T
sure coefficient of energy gap Eg’ L ]
dEg/dP,is approximately +6.4 x 10_6
eV/bar. The value of dEg/dP in CdIn-
GaS4 is close to that in CdIn254 /13/

which i1s a photosensitive semiconduc-

~
<

Energy Gap Eglev)
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T

tor crystallizing in a cubic spinel

structure.

The thermal coefficient of ener- 0 70 20 10 o
gy gap Eg’ dEg/dT, is related to Pressure | kbar |
electron-phonon interaction and Rig. 5. Wepehderice of Bhe energy
changes in lattice constant by ther- ge® B ton hydrogtiabic pEEEsUre
mal expansion according to the ex- g
pression

(aEg/aT)P=(3Eg/aT)v = (Bde/K)(BEg/aP)T (1)
where K is compressibility and de is the linear thermal expansion co-
efficient, respectively. The first and second terms correspond to the
thermal coefficient by electron-phonon interaction and that by changes
in lattice constant, respectively. Using the values of (aEg/bT)P,
(bEg/bP)T and room temperature value of 0% by Toyoda et al./7 / and
elementary calcualtion of K for CdInGaS4, our calculation suggests
that the value of second term 1in equation (1) is approximately
-2 x lO_4eV/K. The result suggests that the first term in equation (1)
is larger than the second cne, and the electron-phonon interaction 1is



dominant in the temperature dependence of the energy gap Eg of CdInGa-
84;
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THE REFRACTIVE INDICES' AND' THE OPTICAL DISPERSION
- - PARAMETERS 1IN CdInGaS4 RlEs sl
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l:Department of Applied Physics and Chemistry, The
University of Electro-Communications, Chofu,
Tokyo 182, Japan '

2.De§artment of Electrical Engineering, Faculty of
Science and Technology, Science Univeréity of -
‘Tokyo, Noda, Chiba 278, Japan

3.Department of Electrical Ehgiheering, Faculty of
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The refractive indices of CdInGaS4 have been mea-
sured at wavelength from 480nm to -1300nm by inter-
ference pattern measurements. The single-oscilla-
tor energy}EO and dispérsion energy Eg4 were cal-
culated from those values, and are compared with

those of CdIn284 and CdInzszsez.'

“The compoundCdI-nGaS4 is d high-resistivity n-type semiconductor,
which is of interest as a new photoconducting material’sensitive in the
visible part of the spectrum /1-3/. It shows an intense red photolumi-
nescence, even at room temperature /4/, and therefore has significant
potential for applications in light emitting devices. Recently, a new
green emission band of CdInGaS4 has been found at low tempefatures 45k
6/. Also, it is a good candidate for applications as photovoltaic de-
téctor in the ultraviolet spectral region /7/. It belengs to the Cd-
(Ga In, _ ).S, system in which end members Cdcazsa~and CdIn,s, havg‘the'
defect chalcopyrite and cubic spinel 'structure, respectively. ‘This sys-
tem has a finite homogeneity range over whic¢h rhombohedral crystals
grow, and for x=0.5 it crystallizes in the same layered structure as -
ZnInéS4 /8-10/. A recent electron-diffraction measurément shows the
follo:ing lattice Sarameters for CdInGaS4 at room‘temperatgre : a=b=
6.62 A and c=24.7 A /11/. Although several investigations have been -
carried out recently to study the optical properties /12-15/, there are
few investigations of the refractive index of CdInGaS, except the work

by Allakhverdiev et al/12/.They measured the refractive ‘indices of Cdln-

S



GaS4 (ordinary and extraordinary rays) by measuring the Brewster angle
and the conoscopic pattern along the optical axis only at 0.63pm, 1.15
pm and 3.3%um wavelengths. In this paper, we report a detailed study

of refractive indices at wavelength from 480nm to 1300nm performed on

CdInGaS4. The refractive index is not only one of the fundamental prop-
erties of materials but also it is useful for awide variety ofoptics ap-
plications such as optical waveguides and formation of heterojunctions

in light emitting or laser diodes. It is closely related to the elec-

tronic polalizability of ions and the local field inside materials.

CdInGaS4 single crystals were grown by the normal freezing method
using high purity (99.999%) starting materials in an evacuated quartz
tube O®10_6Torr). The X-ray measurements exhibited a six-fold symmet-

ric Laue pattern. In general, refractive indices of ordinary and ex-

traordinary~rays of solid in the . - . , ; o

4.0F

spectrum reglions concerned are mea-

sured by the angle of minimum devi- ) x s,

>
7
72

ation in a prism made of the mate- o e, . ~
rials. Because of the high aniso- :

tropy of mechanical properties, mea-

21Cding S,
* 1 CdinGas,
--1Cdlny5;Se;

surements of refractive indices of

Average fleiraclive Indes

uniaxial crystals with layered struc-

tures present a severe problems. To 10 : : : i . L
400 50 0 600 700 800 900 1000

waovelength  Xlnam)

obtain the refractive indices of Cd-

InGaS,, the transmission spectra of Fig.l.Refractive index n of CdIn-

thin specimens were measured over the GaS4 as a function of wavelength.

wavelength range 480-1300nm. Refrac-

T T T T T T T

tive indices were calculated from the
* 1 CdinGaS,

X 1 Cdlny S, _
I Cdlny S; Se,

interference patterns using a specimen
with a thickness of 21.8um. Since the 0.3,=
c-axis of CdInGaS4

dicular to the surface of the specimen,

1s oriented perpen-

the refractive index obtained here is

that for the ordinary ray. The thin ~
specimen with very good parallel sur-
faces shows regular spacing and very

distinct interference patterns up to the

order of interference of more than one

hundred in the wavelength range consid-

ered. 0.0 i ;

Fig.l shows the refractive index
(fw)? tev?)

n as a function of wavelength together
with data for CdIn254, derived from the Fig.2.Plot of refractive index
transmission results of Nakanishi /16/, factor (52-1)_l versus Cﬁw)z.



and for CdIn2828e2 which belongs to the T T
same crystal structure as CdInGaS4,reported
by Tarricone and Lottici /15/. The value of

refractive index.at K=O.63pm agrees with the

Eglev)

ordinary ray result reported by Allakhver-
diev et al /12/. The values of n in CdInz—
84 and CdIn2825e2 .
CdInGaS4. This result suggests that the n

difference between CdInGaS4 and CdIn284

are larger than those in
2.51 =

might be related to their different crys-

Single Oscillator Energy

tal structure and/or to Ga substitution for
2.0 |

In. Also, we cannot explain the refractive

index difference between CdInGaS4 and Cd-

In2828e2

they belong to the same crystal structure.

by.crystal structure alone because

Wemple and DiDominico /17/ and Wemple /18/

developed the concept of the single oscil-

Indirect Energy Gap Eg(eV)

N
rl\l
®
o
1

lator dispersion of the electronic dielec-

1

tric constant. They introduced an energy
Cdlin,s, CdinGas, CdinyS;Se;

parameter Eg to describe the dispersion of -

the refractive index. In terms of this dis- F1g.3.The single oscillator

and a single-oscillator energy EO together with

persion energy Ed
those of indirect.energy gap

energy EO’ the refractive index at frequen-
cy w can be expressed 1n the form

2 B 2 2

n"(w)-1 = E4E,/(E} (hw)™) . (1)

The single-oscillator energy EO and the dis- -

persion energy Ed can be obtained from e-
13 -

quation (1) by plotting (r12—l)_l against -

(ﬁw)z. This has been done in Fig.2 for Cd- E L i

’InGaS4, CdIn254 and CdInstSez. The derive- w7 L } |

ed values of EO for their compound semicon- ?

ductors are plotted in Fig.3 along with & L |

their energy gaps. Fig.3 shows that the §

single-oscillator energy EO is simply re- % '3 " 7
a

lated to the energy gaps. Values of dis- i .
persion energy Ed are plotted in Fig.4. It

7 1 il !
Cdln,S,  CdInGaS, CdlnyS)Se;

shows a smaller Ed value for CdInGaS4 than

for CdIn2S4. This result may reflect crys-

tal structure and charge distribution dif- _ '
Fig.4.The dispersion ener-

ferences 1n those semilconductors. Although
. E .
the crystal structure of CdInGaS, is the ¥ g
same as that of CdIn252Se2, the dispersion

energy of CdInGaS4 is larger than that of CdInZSZSeZ’ and also that 1s



‘smaller than that of ZnIn284 (Ed=18;7eV)'derivéd from the refractive-
index resu;ts of Shionoya and Tamoto /10/. The dispersion energy Ed is
related to the charge distribution within each'unit cell and is a quan-
‘tity closely related to chemical bonding /17,18/. Therefore, Fig.4 shows
that reduction of " Sulphur (CdInGaS4—>CdIn2825e2) causes larger varia-
tion of charge distribution than reduction of Indium (CdInZS4e.CdInGa—

S4).
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- APPLICATION OF AgGaSe. FILTER
 TO EASY RAMAN SPECTROSCOPY

N. Yamamoto, H. Horinaka and H. Mineguchi . ..
College of Engineering, University of ,
Osaka Prefecture, Mozu, Sakai, Osaka 591, JAPAN

An unique AgGaSer band elimination filter is
utilized for Raman  scattering spectroscopy to
suppress the Rayleigh scattering. Combined with
AlGaAs diode laser as an exéiter, a new easy

Raman scattering measurement is achieved.

.The importance of Raman scattering spectroscopy is recéntly
expanding to many fields as a superior means of . material
characterization. . A standard - apparatus  .of Raman spectroscopy
consists: of a high output (typically 100 mW or more) Ar* ion laser,
a ‘double monochromator (with a stray light 6 level less than 107*°),
and a suitable computerized light detection system. This type of
system is well operated but still expensive and occupy rather a
wide space. Therefore, development of an inexpensive and compact
desktop apparatus of Raman spectroscopy is expected, especially for
personal or field use. . . : _

In this work, a new type of easy Raman spectroscopy. apparatus is
constructed ﬁsing a single mode AlGaAs diode  laser .and a.unique
optical band elimination filter (OBEF). made. of AgGaSez crystal /1/;
An example of simultaneous measurement. .of hoth. Stokes . and
anti-Stokes Raman scattering .specktra.. of, the sample, CCl, are
demonstrated. ‘ sy ey o . .

First approach to design a compact system .is “to subgti;upél,a
single mode ' diode ' ‘laser lfér Ar* - laser. as a Raman exciter.
Commercially available AlGaAs diode laser .can cover a .wide ;épgé;of
wavelength from 780 nm to 830 nm. Among -these, an 31anmtlaser of
40 mW - single mode, developed for YAG_excitation,vwgs;séleéﬁed iﬁ
this work. The laser output was contrelled by current Céntfolier
with a slow start -circuit,k to stabilize the output. light inténsitf.
Because :a precise single ‘mode wavelength varies; with temperature
the selection of single mode Wavelengthfzcoulﬁ“ﬂbe ‘mgdg‘ by

y  RWLF
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controlling temperature using Peltier element and Pt resistance
wire temperature senser. Precise temperature tuning, without
changing the light output, of single mode wavelength between 805 nm
and 815 nm, could be easily achieved. The assembly of laser diode
Raman exciter, thus constructed, is less expensive and occupy much
less space than a usual Ar* laser exciter.

The second approach to small and easy Raman spectroscopy system
is to replace a double monochromator by a simple single
monochromator. In order to realize this, however, an effective OBEF
to suppress the Rayleigh scattering light should be necessary to
minimize the stray light level. As such OBEF, up to now, the iodine
filter /2/, the crystalline colloidal filter /3/ and the J- filter
/4/ were sqggested and utilized. As an alternative, a unique
AgGaSe»> crystal OBEF, which 1is constructed by two parallelly
arranged Glan-Thompson prism polarizers and a single crystal plate
of (100) AgGaSe- of 0.763 mm in thickness, was recently developed
by the Authors /1/. AgGaSe. crystal OBEF, which was first suggested
as an optical band pass filter (OBPF) /5,6/, can act, here, as OBEF
by only just changing from the crossed Nicols mode to the parallel
Nicols mode of the arrangement of two Glan-Thompson prisms. This
OBEF acts near 811 nm at room temperature /7/.

A typical optical

Of 1 T 17T T 7 T

transmission characteristic
the AgGase. crystal OBEF is | 1 REFLECTIVITY LIMIT________
shown (Fig. 1). The short

wavelength cut off near 700 nm

D
(@]
T

1

is, of course, due to the

~
o
T

direct band edge  absorption

(Eg) of semiconducting material

TRANSMISSION (%)

N
o
T

of AgGaSex and transmission

range of longer wavelength i

expands over 17 um for this %

Il ] ] 1 1 | 1 I 1 1 1 1 1 1 1

850

crystal (although not shown in 700 7%A%lﬂﬂﬂg%nm)
the figure). As can be seen
from the figure, a good band Fig.1l Transmission spectrum
elimination ratio over 100 can of AgGaSe, crystal OBEF
be easily achieved at near 811

nm. If necessary, two cascade combination of this filter can
achieved an elimination ratio over 5x103® /8/. Thus, a combination
of AgGaSe» crystal OBEF and a standard single monochromator can

replace a double monochromator.



Using the diode laser exciter and
AgGaSex crystal OBEF just
Monochromator  described, a small desktop Raman

spectrometer was constructed (Fig.
2). A 40 mW single mode laser beam
of 811 nm is focused to CCl. sample
in a quartz cell from the bottom
side. A step form pulse drive of

laser current WAaS used for

------- convenience of the measurement with

a lock-in amplifier detection.

Pulse Gen.
Scattering 1light from the sample
ockein Amp was collected by a lens and passed
through the AgGaSe, crystal OBEF.

Fig.2 “A compact Raman Single monochromator (Jasco, CT-50)

measurement system loadéd with an InGaAs photocathode
photomultiplier (Hamamatsu, R-2658)

was used.

Typical Raman scattering spectra of CCl.- were measured by this
system by a single scan f(continuously both Stokes and anti-Stokes
Raman scattering peaks) (Fig.3). The Rayleigh scattering light is

suppressed to a comparable order of Raman scattering spectra.

WAVENUMBER (cm™)

-180 0 10D 200 300 400 500

-500 -400 -300 -280

B CClL

INTENSITY (a.u.)

S N\

775 780 785 790 795 800 805 810 815 820 825 830 835 B840 845 850
WAVELENGTH (nm)

Fig.3 An example of Raman spectra including both Stokes and

anti-Stokes scattering peaks of CCl.

An additional advantage of this system, which uses single

monochromator, is a possibility of loading optical multichannel



 analyse:"(OMA). Althodgh ‘thé' result with a single scan is
satisfactory, hdweQér; a use of bptical multichannel analyser (OMA)
with 'a,‘fast multi—scani detection system woﬁld. speed up " the
measurement ~and diminish a noise level. Throughout this work, a
pe:iod of simple; inexpensive, high spéedk' desktpp Raman

spectrometer.system is just opened.
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.CHARACTERIZATION OF CuInSé2 THIN FILMS
‘PREPARED -BY TCB(IONIZED CLUSTER BEAM) TECHNIQUE -
Katsuaki Sato, Seisuke Matsuda, Yuki Kudo
Faculty of Technology, Tokyo University of Agriculture
and Techunology, Koganei, Tokyo 184, Japan B

Thin, films of CulnSe, were prepared by lonized cluster beam (ICB)
deposition technique oa glass substrates with simultaneous
deposition of Cu, Se and In clusters, of which only In was ionized
and accelerated. It was found both the resistivity and the Ian/Cu
ratio can be controlled by changling the acceleration voltage.
1. INTRODUCTION ; :
The chélcopy;ite—type semiconductor copper-indium-
diselenide (CuInSéZ) has been attracting considerable ‘ ofo0
attention for thin-film solar sell application,  due to -
its direct energy gap around 1.0 eV and an absorption
coefficient which 1is the highest reported to date for
any semiconductors/1l/. Various preparation techniques 'of
CulnSe, films have been reported; e.g. the single-source
or the two-source vacuum evaporation, the sputtering,
the electrodeposition, and the selenization. Recently, a
conversion efficiency of over 14 7 was achieved with
CuInSeZ single junction solar sells/2/. The electrical
properties of CulnSe, is strongly dependent on the film
composition, especially on the In/Cu ratio as shown in o
Fig, 1, which has been obtained in our system without 10™r //
ionization and acceleration. The control of the In/Cu : -
ration in this experiment has been attained by changing N B
the source temperature of In. However, since the 1o : - .
dccurate control the In/Cu ratio by the temperature is 08 ﬁﬂugg% ‘2
rather difficult, an alternative method for the Flg. 1 Resistivity vs. In/Cu
composition control ‘has been required. We, then, sought ‘ratio cutve measuted by
a possibility of the control by the ICB(ionized cluster changing the source temperature
beam) technique, which has been known to provide an : E
excellent controllability of film composition.

RESISTMITY (ohm-cm)

substrote

The ionized cluster beam (ICB) technique/3,4/ is an ion
assisted film deposition method for forming high quality
thin films by utilizing the effects of ion beam
bombardment and the influence of the charge of ionized
particles. At first, the clusters which contain 500-2000
atoms loosely coupled together are produced by adiabatic
expansion caused by ejection of the vaporized atoms
through' a.small nozzle in the 1id of the crucible. Next, :
they are lonized by an electron bombardment and are - | “- ]
accelerated towards a“substrate by:the application.of a : &i
negative .acceleration voltage Va. (Fig..2) When' .these :
clusters arrive at the substrate .they break upand - tig. 2 Schematic diagram of aa
migrate, on..the substrate with a kinetic energy obtained = -ICB gun used lmrour system’

by the acceleration.: The attractive features of the ICB-.' .t g
‘technique are described as follows: (1) When thé", ,
clusters ;are broken wup on, their . arrival.ag .the .. icaozoie

sccelerating
electrode

grid
_ electron emitter
for ionization

-cluster gun

Iw

N

— 7 —



substrate, the incident momentum of the clusters 1is transformed into the surface
diffusion energy. (2)The migration effect contributes to making good quality films at
lower temperature of substrate. (3)By controlling the. Va, it is possible to provide
enough energy for surface diffusion,surface cleaning and improvement of adhesion.

2. PREPARATIOR
The CulnSe, films were prepared on the glass '
substrates by ICB deposition technique with one ' - T
ionized cluster gud (for In scurce) add two : substrate

evaporation sources(for Cu and Se) as shown

schematically in Fig. 3.
Source materials employed were Cu and Se of J@@' ﬂ.&@

99.999 7 purity and In of 99.9999 7 purity. The

source temperatures of the three crucibles used to f-smres I clustar e saoree
obtain the Cu-rich films are 1170°C for Cu, 260°C : i L
for Se and 1060°C for In. The deposition of the I '
Cu-rich films was performed by keeping the
electron currents for ionization 1,=100 mA and
by changing the acceleration voltage of In V_ =0,
0.5, 1.0, 1.5 kV. The substrate temperature was
kept at Ts=380°C, and the pressure in the vacuum
chamber was maintained at less than 1*10"5 Torr ; : " T T
during deposition. The typical thickness of the (a)
obtained films was approximately 5000 A.

vacuuym system }

Fig. 3 Schematic diagram of the
ICB deposition system

IngSer
(t12)
(136)

Va» OQkV

=

In-rich films were also prepared for the
comparison with the Cu-rich films. Source
temperatures of Cu, In and Se were 1170°C, 1120°C
and 260°C, respectively.

Va=0.5kV

(424)

INTENSITY (a.u.)

LEL—@—

are-mo

Vo= |.0kV

— (220) (204) {

3. RESULT AND DISCUSSION

[

The X-ray (Cu K(IS diffraction patterns of Cu-rich (d)
CulnSe, films prepared under different In- Vor 15KV
acceleration voltages Va are shown in Fig. 4, In
Fig. 4(a), the diffraction peaks from (112) and ' ‘ ' ! l
20 a0 60 80 100
(336) planes were observed, suggesting that the 5 e
eg

<112> axis is preferentially oriented
perpendicular to the film surface. The peaks from
some extraneous compounds such as In6Se7 and Cu,Se
were also observed. On the other hand, in
Fig. 4(c) new peaks from (220) or (204) and (116) or (312) were observed whereas the
peaks from extraneous compounds were not observed. Thus it is found that the
crystallinity of the films can be varied by changing the In-acceleration voltage. The
X-ray (Cu Ka ) diffraction patterns of In-rich CuInSe, films deposited under
different In-acceleration voltages V_,  are shown 1in Fig. 5. Figs. 5(a) and 5(b)
represent the X-ray patters for films prepared without and with the acceleration
voltage, respectively. Peaks (101) and (103) characteristic to the chalcopyrite phase
were observed in both films, in addition to the peak from (112), (220) or (204),
(116) or (312), (316) or (332) :and (424) planes. Therefore, we observe no prominent
effect of the acceleration voltage on the film crystallinity ia In~-rich films.

Fig. 4 The X-ray diffraction
patterns in Cu-vich films



Morphologic 1 observations for the Cu-rich films
were performed using an optical microscope and a
scanning electron microscope(SEM). Increased

number of bright spots with high reflectance in

the films prepared with increased acceleration
voltages were observed by the optical microscope
studies. The quality of the films seems to be
improved by increasing the acceleration voltage.
The SEM observation manifests that the grain size
of crystals in the films is about 0.5 ym, which
becomes smaller by an application of acceleration
voltage.

For In-rich films, the surface of the film
prepared without acceleration voltage (Va=0 kV)
was flat and mirror-like. On the other hand,
crater-like holes were observed on the surface of
the film with V_ =1.0 kV. Such holes have often
been observed in ICB films and have been
considered to be caused by so-called spitting; the
film surface is attacked by a lump of source
material ejected from the hole at a burst.
According to the compositional analysis by ICP
(inductively coupled plasma) technique, the In/Cu
ratio of the Cu-rich films increased from 0.80 for
Va=0 kV' to 0.99 for Va=1.0kV and was saturated to
0.99 with the increase in acceleration voltage of
In as shown by a solid curve in Fig. 6. In the
same figure the Se/metal(=Cu+In) ratio is also
plotted by a dotted curve.

In addition, the dot-dashed curve in Fig. 6
represents the acceleration voltage dependence of
the resistivity for Cu-trich films. The
resistivity varied from 7.4%10°“Qcm to 2.1Q cm
corresponding to the change of acceleration
voltage from zero to 1.5 kV. This result indicates
that composition of the films reached at near
stoichiometry by higher incorporation of In into
the films. Though the resistivity curve seems not
to agree with the analyzed In/Cu ratio curve, we
can find a good correspondence between the two
if we take into account the fact that even
the small variation in the In/Cu ratio causes a
large change of resistivity amounting to several
orders of magnitude at the nearly stoichiometric
composition. '

curves,

Figure 7 shows absorption spectra of both Cu-rich
and In-rich films of'CuinSez. Cu-rich films(solid
curve) seem to have.a considerably large
absorption coefficient below the band gap. It may
be due to the optical Fcattering by the rough

surface of the Cu—ridﬁ-films. The below-gap

absorption coefficient was considerably reduced by
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Fig. 5 The X-ray diffraction
patterns in In-rich films
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Fig. 6 Acceleration voltage
dependence of In/Cu ratio
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(dotted) and resistivity (dot-

dashed) for Cu-rich films
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increasing the acceleration voltage as shown by a dashed curve in Fig.'7. From the
absorption spectrum the direct energy gap of the:Cu-rich film*was determined as
0.97 eV. No prominent shift of the energy gap by the acceleration was observed.

On the other hand, absorption spectra in In-rich high resistivity films show a well
defined absorption ‘edge and a small absorption coefficient for photon energies :below
the energy gap as shown by the dot-dashed curve 'in Fig.472'However, the acceleration
introduces additional absorption to the below-gap spectrum as shown by the dotted
curve. It may be caused by the scattering due to the craters produced by spitting.

Figure 8 shows photoconductivity (PC) spectra of
typical Cu-rich and In-rich films measured at room
temperature. The rises of the photoconduction at
the absorption edge in both films are steep. The
photoresponse of the Cu-rich film decreases:
rapidly towards the higher energy region as
described in reéf. 5. The maximum of the PC is-

—— Cu-Tich
~ -~ In-rich

RELATIVE SENSITMITY (a.u)
(@]
()]

1.05 eV and a shoulder-like structure " 1s observed o4

at 1.25 eV for the Cu~-rich films. For the In-rich 0.2 1
film, the photoresponse 1is approximately constant :

for energy region from 1 to 2 eV with two peaks at O F 08”10 lé‘lo'I} ‘; 5
1.07 eV and 1.27 eV. The photoconductivity: in PHOTON ENERGY (eV)
CulnSe, has been known to be proportional to n-th . Fig. 8 Photoconductivity spectra
power of the light intensity. The exponent n in " 1o typical Cu-rich ‘and In-rich

our films 1s determined to be about O 9 for both pfihw
Cu~rich and In-rich films. \

4, Conclusion

The electrical, optical and crystallographic properties of thin CulnSe, films
prepared by ICB technique were studied. Preparation of these films was made by
simultaneous deposition of Cu, In and Se clusters. Films with the <112> axis
preferentially oriented perpendicular‘ to the surface were obtained. For Cu-rich
films the composition ratio of ‘In to Cu was able to be controlled by changing the
acceleration voltage for the 1ionized cluster of In. Simultaneously, the resistivity
was found to be varied by 2 orders of magnitude by the acceleration. The observation
by an optical microscope revealed that the reflectivity increases with the
acceleration. The below-gap absorption coefficient in the absorption spectrum was
found to be considerably reduced by the acceleration, indicating the improvement of
the film properties. On the other hand, the acceleration brought about a damaged
surface for the In-rich high resistivity films. No improvement of the film properties
were observed in the In-rich case. ‘
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