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X-ray crystallographic study of the optically active semiconductor„GaxIn1Àx…2Se3
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Crystal structures of two kinds of optically active semiconductors~Ga0.60In0.40!2Se3 and ~Ga0.40In0.60!2Se3,
both of which are defect wurtzite structures but show different reducedcw /aw ratios, have been studied using
powder X-ray diffraction and Rietveld analysis. The final reliability factors are as follows:Rwp510.00%,S
52.4234,RF54.19% for~Ga0.60In0.40!2Se3 andRwp510.48%,S52.4324,RF52.78% for~Ga0.40In0.60!2Se3.
The structure of~Ga0.60In0.40!2Se3 with cw /aw51.633 is called the ideal defect wurtzite structure; the bond
lengths are nearly the same and the bond angles are almost to be the ideal bond angle of tetrahedral bonding
109.47°. Meanwhile, the structure of~Ga0.40In0.60!2Se3 with cw /aw51.565 is called the layered defect wurtzite
structure; the nearest (001)group III and (001)Se layers are waved and very close to each other as if they merged
into one atomic layer. The average bond length along thec axis is 5.89% longer than that between the atoms
in the merged (001)group III and (001)Se layers; the average bond angle whose one side is the bond along thec
axis is 13.11% smaller than 109.47°. Based on these structural results, the anomalous dependence of the optical
band gap on composition is discussed from the view of bonding nature. The additional ionic bonding between
the merged~001! layers in the layered defect wurtzite structure makes thec parameter smaller but the band gap
larger than those of the ideal defect wurtzite structure although the ionic bonding nature is dominant for the
both defect wurtzite structures.
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I. INTRODUCTION

We have been interested in the crystal structures and
optical properties of III2VI3 compound semiconductors in re
cent years. The structure of (GaxIn12x)2Se3 (x
50.00– 0.70) has been found to be a defect wurtzite-t
with either aP61 or P65 space group, in which the structur
vacancies and the group-III atoms are ordered in screw f
along thec axis1–4 ~see Fig. 1!. We have demonstrated tha
the single crystals possess pure optical activity along thc
axis and the maximum rotatory power comes up to 210°/m
for visible light.5–7 One of the most interesting results is th
the lattice constant and the optical band gap do not o
Vegard’s law.6 Our previous results have shown there ex
two composition regions. One is In-rich region with comp
sition x from 0 to 0.45. Thecw /aw ratio is almost 1.565 and
the band gap linearly increases from 1.70 to 2.06 eV w
increasing compositionx, wherecw andaw are reduced lat-
tice constants from the proposed defect wurtzite structur
the normal wurtzite structure. Another is a Ga-rich regi
with compositionx from 0.45 to 0.70. Thecw /aw ratio is
nearly 1.633 and the band gap abruptly decreases to 1.8
with increasing compositionx. Therefore, both types o
(GaxIn12x)2Se3 process the same basic crystal structures
show pure optical activity along thec axis. Their electronic
structures, however, are obviously different to each othe

For the purpose of elucidating the structural differen
between two types of (GaxIn12x)2Se3, it is necessary to ge
more detailed information, such as bond length and angle
this paper we first refine the crystal structures of the Ga-
and In-rich (GaxIn12x)2Se3 using powder X-ray diffraction
and Rietveld analysis. Based on the results, the struct
differences and the anomalous dependence of the op
PRB 620163-1829/2000/62~24!/16549~6!/$15.00
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band gap on the composition are discussed from the view
bonding nature.

II. EXPERIMENT

Specimens~Ga0.60In0.40!2Se3 and~Ga0.40In0.60!2Se3 are se-
lected as representatives of the two composition regio
They have obviously different reducedcw /aw ratios and

FIG. 1. Crystal structure model of (Ga0.60In0.40!2Se3 with the
space group ofP61 . It is based on a defect wurtzite structure,
which the structural vacancies on1

3 of the cation sites are ordered i
a screw arrangement along thec axis. There exist two kinds of Se
atoms: the two-coordinated Se atom and the three-coordinate
atom. The former is bonded with two group-III atoms and the la
is bonded with three group-III atoms.
16 549 ©2000 The American Physical Society
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band gaps but show less difference in compositions. Sp
mens are synthesized from Ga2Se3 and In2Se3 ~Kojundo
Chemical Laboratory Co., Ltd., Saitama, Japan!. Grains of
Ga2Se3 ~purity: 3N; melting point: 1278 K! and In2Se3 ~pu-
rity: 5N; melting point: 1153 K! are melted at 1343 K in
evacuated and sealed silica tubes. After complete mixing,
specimens are held at 973 K for two weeks and then
specimens are cooled in air. Compositions of the specim
were confirmed to be~Ga0.60In0.40!2Se3 and~Ga0.40In0.60!2Se3
using energy dispersive X-ray spectroscopy. Powder X-
diffraction profiles are collected within an angular range
2u from 20° to 100° in steps of 0.02° by a Bragg-Brenta
type u-2u diffractometer equipped with a curved graph
monochromator using CuKa. Data collection is performed
at room temperature. Silicon powder~NIST SRM 640b! is
used as the internald-spacing standard to justify the instru
ment.RIETAN98 andFAT-RIETAN SYSTEM ~Ref. 8! is used for
Rietveld refinement of the crystal structures.

III. RESULTS

The two collected X-ray diffraction profiles can be in
dexed by the aforementioned defect wurtzite structure. I
noted, however, that their intensity profiles are obviou
different to each other. Figures 2~a! and 2~b! show observed,
calculated powder X-ray diffraction profiles and differen
curves for ~Ga0.60In0.40!2Se3 and ~Ga0.40In0.60!2Se3 after the
Rietveld analysis. Tables I and II show the refined crys
data. The final reliability factors are as follows:Rwp
510.00%,S52.4234,RF54.19% for~Ga0.60In0.40!2Se3 and
Rwp510.48%,S52.4324,RF52.78% for~Ga0.40In0.60!2Se3,
where the compositions of the sitesM1 andM2 are assumed
to be the same as the nominal one and the temperature
tors of Se2 and Se3, as well as those ofM1 and M2, are
constrained to be the same.

FIG. 2. Measured powder X-ray diffraction profiles~cross-
shaped dots! and final Rietveld refinement profiles o
(Ga0.60In0.40!2Se3 and (Ga0.40In0.60!2Se3. The difference curves and
reflection markers at the bottom.
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The results of the Rietveld analysis reveal each struc
is distinguished from the other by the interplanar distan
between the close-packed planes perpendicular to thec axis.
Figures 3~a! and 3~b! show the @010# projections of
~Ga0.60In0.40!2Se3 and~Ga0.40In0.60!2Se3, respectively. In case
of ~Ga0.60In0.40!2Se3, the structural vacancies and group-I
atoms are ordered in screw form along thec axis and all
atomic positions are similar to those of the ideal wurtz
structure. Two kinds of the~001! layers made of group-III
atoms and Se atoms are very planar and arranged altern
with a sequence ofAaBb along thec axis if we ignore the
existence of structural vacancy, whereA, B anda, b denote
atomic positions of the group-III and Se layers on the ba

FIG. 3. The@010# projections of the atomic arrangements of~a!
(Ga0.60In0.40!2Se3 and ~b! (Ga0.40In0.60!2Se3 from simulated results
of the final Rietveld refinement.A, B anda, b denote atomic posi-
tions of the closed packed (001)group III and (001)Se layers on the

basis of wurtzite structure, andd0.60
A2a , d0.60

A2b , d0.40
A2a , andd0.40

A2b de-
note the distances between the (001)group III and (001)Se layers.
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TABLE I. Fractional coordinates and isotropic atomic displacement parameters~B! for
(Ga0.60In0.40!2Se3 (Z52). Space group: P61 ~NO. 169!, a50.6843(5) nm, c51.935(1) nm, andV
50.7849(9) nm3. Rwp510.00%,Rp57.81%,Re54.13%,RF54.19%,S52.4234.

Atom Site Symmetry x y z B(nm2)

Se1 6a 1 0.305~2! 0.325~3! 0.1223~3! 0.023~2!

Se2 6a 1 20.029~1! 0.622~2! 0.1275~2! 0.016~1!

Se3 6a 1 0.689~2! 0.023~2! 0.1260~3! 0.016~1!

M1 6a 1 20.006~2! 0.674~3! 20.0053~2! 0.0094~8!

M2 6a 1 0.652~2! 0.003~2! 0.00000 0.0094~8!

TABLE II. Fractional coordinates and isotropic atomic displacement parameters~B! for
(Ga0.40In0.60!2Se3 (Z52). Space group: P61 ~NO. 169!, a50.6985(9) nm, c51.899(2) nm, andV
50.8026(17) nm3. Rwp510.48%,Rp57.95%,Re54.31%,RF52.78% S52.4324.

Atom Site Symmetry x y z B(nm2)

Se1 6a 1 0.303~1! 0.354~1! 0.1578~3! 0.004~1!

Se2 6a 1 20.025~2! 0.623~1! 0.1267~3! 0.023~1!

Se3 6a 1 0.722~1! 0.039~1! 0.1308~3! 0.023~1!

M1 6a 1 20.001~1! 0.668~1! 20.0229~3! 0.0095~5!

M2 6a 1 0.6875~9! 0.0005~10! 0.00000 0.0095~5!

TABLE III. Bond lengths l and bond anglesB for (Ga0.60In0.40!2Se3 based on the tetrahedral bondin
structure. The symmetry codes are as follows~i! 2y,x2y, 1

3 1z. ~ii ! 2x1y,2x, 2
3 1z. ~iii ! 2x,

2y, 1
2 1z. ~iv! y,2x1y, 5

6 1z.

l (nm) B ~°!

Se1iii 2M1iii 0.2438~12! M1ii-Se1iii -M2ii 105.89~46!

Se1iii -M2ii 0.2451~20!

Se2i-M1iii 0.2556~14! M1iii -Se2i-M1i 98.93~48!

Se2i-M1i 0.2589~06! M1i-Se2i-M2iii 106.90~39!

Se2i-M2iii 0.2441~12! M2iii -Se2i-M1i 105.62~58!

Se3ii-M1iv 0.2524~15! M1iv-Se3ii-M2ii 101.22~56!

Se3ii-M2ii 0.2447~06! M2ii-Se3ii-M2iv 107.29~37!

Se3ii-M2iv 0.2540~13! M2iv-Se3ii-M1ii 103.42~53!

TABLE IV. Bond lengthsl and bond anglesB for (Ga0.40In0.60!2Se3 when assuming the structure is bas
on the tetrahedral bonding one. The parts enclosed by$ %* are deviated from covalent ones. The symme
codes are as follows ~i! 2y,x2y, 1

3 1z. ~ii ! 2x1y,2x, 2
3 1z. ~iii ! 2x,2y, 1

2 1z. ~iv! y,2x

1y, 5
6 1z.

l (nm) B ~°!

Se1iii -M1ii 0.2594~12! M1ii-Se1iii -M2ii 109.10~30!

Se1iii -M2ii 0.2530~09!

Se2i-M1iii 0.2597~12! $M1iii -Se2i-M1i%* 92.03~28!

$Se2i-M1i%* 0.2855~07! M1i-Se2i-M2iii 107.91~35!

Se2i-M2iii 0.2396~11! M2iii -Se2i-M1i 103.95~31!

Se3ii-M1iv 0.2609~12! $M1iv-Se3ii-M2ii%* 92.40~27!

$Se3ii-M2i%* i 0.2497~06! M2ii-Se3ii-M2iv 102.45~36!

Se3ii-M2iv 0.2437~11! M2iv-Se3ii-M1ii 107.21~36!
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TABLE V. Average values~av! and standard deviation of the bond lengthsl and the bond anglesB for
(Ga0.60In0.40!2Se3 and (Ga0.40In0.60!2Se3. The average values for the bond lengths or the bond angles bet
the (001)group III and (001)Se layers are denoted by av~001!; the others for the bond lengths along thec axis or
the bond angles, whose one side is the bond along thec axis, are denoted by av@001#.

(Ga0.60In0.40!2Se3 (Ga0.40In0.60!2Se3

l (nm) B ~°! l (nm) B ~°!

av 0.2498~61! 104.18~314! 0.2564~141! 102.15~716!
av~001! 0.2492~54! 105.82~151! 0.2527~91! 106.12~280!
av@001# 0.2518~100! 100.08~162! 0.2676~253! 92.22~26!

uav@001#2av~001!u/av~001! 1.06% 5.43% 5.89% 13.11%
ay
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of wurtzite structure, respectively. Hereafter, these two l
ers are defined as the (001)group III layer and the (001)Se

layer. The distances ofd0.60
A2a and d0.60

A2b between the
(001)group III and the (001)Se layers are 0.2476 and 0.074
nm. Thus thed0.60

A2a/d0.60
A2b ratio is 3.3:1, which is very close to

ratio 3:1 of the ideal wurtzite.
On the other hand, in case of~Ga0.40In0.60!2Se3, the struc-

tural vacancies and group-III atoms are also ordered in sc
form, and the (001)group III and the (001)Se layers are also
arranged alternately with the same sequence ofAaBb along
thec axis. However, both the layers are waved and the n
est (001)group III and (001)Se layers are very close to eac
other. The distances ofd0.40

A2a and d0.40
A2b between the

(001)group III and (001)Se layers is 0.2846 and 0.0319 nm
respectively, and thed0.40

A2a/d0.40
A2b ratio becomes 8.9:1. In

other words, it seems as if the group-III and Se layers me
into one atomic layer. Consequently, theAaBb stacking is
changed toab stacking as the same sequence ofh-BN struc-
ture, wherea andb denote atomic positions of the merge
layers, and the mergedaB and bA correspond toa and b,
respectively.

Such structural differences can be evaluated by their b
lengths and angles in details. Tables III and IV show
bond lengths and angles for~Ga0.60In0.40!2Se3 and
~Ga0.40In0.60!2Se3, respectively, which are evaluated on t

FIG. 4. Schematic diagram shows the dependence of op
band-gap energy on composition in (GaxIn12x)2Se3. Eg and Ec

denoted the measured band-gap energy along thec axis and the
estimated covalent band energy. The difference betweenEg andEc

is considered to be almost contributed by ionic bonding nature
-

w

r-

e

d
e

basis of tetrahedral bonding structure. The two-coordina
Se atoms are denoted by Se1 and the three-coordinate
atoms are denoted by Se2 and Se3. The bonds of Se2i-M1i

and Se3ii-M2ii are nearly along thec axis and the others ar
between the atoms in the nearest (001)group III and (001)Se
layers. The average bond lengths between the group-III
Se atoms in ~Ga0.60In0.40!2Se3 and ~Ga0.40In0.60!2Se3 are
0.2498 and 0.2564 nm, which is in agreement with the e
mated tetrahedral bonding distances applying the atomic
dius of Ga, In, and Se atoms by Pearson.9 Table V shows the
averages and the standard deviations of the bond lengths
angles for~Ga0.60In0.40!2Se3 and~Ga0.40In0.60!2Se3. The struc-
ture of ~Ga0.60In0.40!2Se3 is conformed to be based on th
tetrahedral bonding structure; the bond lengths are nearly
same and the bond angles are close to the angle of the
tetrahedral bonding structure. In case of~Ga0.40In0.60!2Se3,
however, the standard deviations of the bond lengths
angles are more than twice the values for~Ga0.60In0.40!2Se3.
This implies the existence of two kinds of bonds: one
between the atoms in the nearest (001)group III and (001)Se
layers and the other is along thec axis. The former bonds
show almost same bond lengths and their bond angles
very close to the ideal angle of 109.47°. The later bon
show that the lengths (Se2i-M1i,Se3ii-M2ii) and the angles
(M1iii -Se2i-M1i,M1iv-Se3ii-M2ii), whose one side is the

al

FIG. 5. Comparison of the optical band gaps among the III
III 2VI3, and II-VI compound semiconductors: GaxIn12xAs,
(GaxIn12x)2Se3, and ZnxCd12xSe~Refs. 6, 10–12!. The band gaps
of ZnSe and CdSe are measured along thec axis of wurtzite struc-
ture the same as that of (GaxIn12x)2Se3. The dish line denoted the
estimated band gap of ZnxCd12xSe from the values of ZnSe an
CdSe by applying Vegard’s law.
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bond along thec axis, are obviously deviated from the tetr
hedral bonding characteristics. The average bond len
along thec axis is about 6% longer than that between t
atoms in the merged~001! layers; the average bond ang
(M1iii -Se2i-M1i,M1iv-Se3ii-M2ii) is 13% smaller than the
ideal angle of 109.47°.

From the above results, the structure in the Ga-rich reg
is called the ideal defect wurtzite structure. Meanwhile,
structure in the In-rich region is called the layered def
wurtzite structure, which is obviously deviated from the t
rahedral bonding structure and which shows some struct
characteristics of the layered compound such ash-BN.

IV. DISCUSSION

In the refinement, the compositions and temperature
tors for M1 andM2, as well as the temperature factors f
Se3 and Se3, are fixed to be the same. Essentially,
parameters should be refined independently. We actu
tried it but could not obtain significant differences amo
these parameters due to poor diffraction quality. It is enou
however, to characterize the structural difference betw
the ideal and layered defect wurtzite structures. Further
finements, including partial ordering of metal atoms in t
sitesM1 andM2 and individual temperature factors are s
necessary by improving data quality of x-ray diffraction.

The bonding nature of the ideal and layered defect wu
ite structures are obviously different to each other. In
ideal defect wurtzite structure, the bond lengths and an
are almost equal, so that each bond possesses uniform c
lent and ionic components. In the layered defect wurtz
structure, however, the bond lengths along thec axis are
obviously longer than those between the atoms in the me
~001! layers. In addition, the bond angles whose one sid
the bond along thec axis are deviated far from 109.47° an
almost equal to 90°. Consequently, the bonds are not unif
any longer and the bonds in the merged~001! layers become
much stronger than those along thec axis. Moreover, thec
parameter of the layered defect wurtzite structure is m
smaller than that of the ideal one, although the layered de
wurtzite structure appears in an In-rich region. These fa
imply that overall bondings in the layered defect wurtz
structure become much stronger than those in the ideal
It is suggested that extra ionic bondings act in the mer
~001! layers and make thec parameter of the layered defe
wurtzite much smaller than that of the ideal one.

Such consideration can also explain the anomalous de
dence of the optical band gap on compositionx. Figure 4
shows the relationship between the measured optical b
gapEg and compositionx together with the estimated cova
s
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lent band energyEc . Since the purely covalent materials G
anda-Sn, as the same periodic elements of Ga, Se, and
are well known to possess the band gaps of 0.66 and
eV, respectively, theEc is estimated from the band-gap da
by applying Vegard’s law. It is found that with the increasin
of compositionx from 0.00 to 0.60,Ec only increases from
0.37 to 0.55 eV; these values are much smaller than
band-gap energyEg . This means that the band-gap ener
Eg is almost originated from the ionic bonding nature and
ionic bonding nature is dominant for both the defect wurtz
structures. In the In-rich region with compositionx from 0.00
to 0.45, the differenceDE betweenEg andEc is much larger
thanEc , althoughEc increases a little with the increasing G
content. In the Ga-rich region with compositionx from 0.45
to 0.70, theDE abruptly decreases althoughEc continues to
become larger with increasing Ga content. This indicates
the abrupt decrease of theDE in the Ga-rich regions is due to
the loss of the extra ionic bonding. Therefore, ionic bond
is dominant in both the defect wurtzite structures and
additional ionic binding acts between the merged~001! layer
in the layered defect wurtzite.

These results also can be confirmed by making a comp
son of the band gaps among the III-V, III2VI3, and II-VI
compound semiconductors. Figure 5 shows the band gap
(GaxIn12x)As, (ZnxCd12x)Se, and (GaxIn12x)2Se3 as the
representatives with the same periodic elements of Ga,
As, and Se or Cd and In. The band gap of the III2VI3 with
either the layered or ideal wurtzite structure is much close
the value of the wurtzite-type II-VI compound rather tha
that of the zincblend-type III-V compound. This seems re
sonable because the ionicity of the anion in III2VI3 is the
same as that of II-VI and the ionicity is responsible for t
band gap of compound semiconductors. In other wor
III 2VI3 compound semiconductors can be regarded as on
the relatives of II-VI compounds. Furthermore, the band g
of the layered defect wurtzite structures is almost equal to
value of the II-VI compounds; meanwhile the band gap
the ideal defect wurtzite structure tends to be far from th
This remarkable difference is originated from the extra io
bonding in the layered defect wurtzite structure as sta
above. Therefore, the structural difference between the
ered and ideal defect wurtzite structures can be distinguis
from the viewpoint of electronic structure although the
space groups and basic structures are the same. The s
tural feature of the layered defect wurzite is a unique one
is a layered one but still holdssp3-like bonds. Such a feature
comes from the ordered arrangement of structural vacan
in the defect wurtzite, and is never realized in the us
wurtzite structure orh-BN-type structure.
pl.

s.

pl.
1P. C. Newman, J. Phys. Chem. Solids23, 19 ~1964!.
2J. Ye, Y. Nakamura, and O. Nittono, inProceeding of the 13th

International Congress on Electron Microscopy, Paris, 1994, ed-
ited by B. Jouffrey and C. Colliex~Les editions de physique, Le
Ulis Cedes, 1994!, p. 635.

3J. Ye, Y. Nakamura, and O. Nittono, Philos. Mag. A73, 169
~1996!.
4J. Ye, S. Soeda, Y. Nakamura, and O. Nittono, Jpn. J. Ap
Phys., Part 137, 4264~1998!.

5J. Ye, T. Yoshida, Y. Nakamura, and O. Nittono, Appl. Phy
Lett. 67, 3066~1995!.

6J. Ye, T. Yoshida, Y. Nakamura, and O. Nittono, Jpn. J. Ap
Phys., Part 135, 4395~1996!.

7J. Ye, Y. Nakamura, and O. Nittono, J. Appl. Phys.87, 933



d

ta
.
,

16 554 PRB 62J. YE, T. HANADA, Y. NAKAMURA, AND O. NITTONO
~2000!.
8F. Izumi, in The Rietveld Method, edited by R. Young~Oxford

University Press, Oxford, 1993!, Chap. 13.
9W. B. Pearson, inCrystal Chemistry and Physics of Metals an

Alloys ~Wiley, New York, 1972!.
10N. Neuberger, inIII-V Ternary Semiconducting Compounds Da

Tables, Handbook of Electronic Materials~IFI/ Plenum, New
York, 1971!, Vol. 7.
11Yu. F. Biryulin, N. V. Ganina, M. G. Milvidskii, V. V. Chaldy-

chev, and Yu. V. Shmartsev, Fiz. Tekh. Poluprovdn.17, 108
~1983! @Sov. Phys. Semicond.17, 68 ~1983!#.

12Crystal and Solid State Physics, edited by K. H. Hellwege and O
Madelung, Landolt-Bo¨rnstein, New Series, Group III, Vol. 17
Pt.d ~Springer-Verlag, Berlin, 1984!.


