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X-ray crystallographic study of the optically active semiconductor(Gayln;_,),Se
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Crystal structures of two kinds of optically active semiconduct@a, ¢dng.40-Se and (Ga, 4dng 602563,
both of which are defect wurtzite structures but show different redugéd,, ratios, have been studied using
powder X-ray diffraction and Rietveld analysis. The final reliability factors are as foll&yg=10.00%,S
=2.4234,Re=4.19% for(Ga ¢dNg 40256 andR,,=10.48%,S=2.4324,R=2.78% for(Gay 4dNo 60258
The structure of Gay gdNng.40)>Se with ¢, /a,,=1.633 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 @&, 4dng ¢0»Se; with ¢, /a,,= 1.565 is called the layered defect wurtzite
structure; the nearest (0QJa,, 1 @and (001} layers are waved and very close to each other as if they merged
into one atomic layer. The average bond length alongcthis is 5.89% longer than that between the atoms
in the merged (001),,, 11 and (001}, layers; the average bond angle whose one side is the bond along the
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 merged001) layers in the layered defect wurtzite structure makestha@rameter 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.

[. INTRODUCTION band gap on the composition are discussed from the view of
bonding nature.
We have been interested in the crystal structures and the

optical properties of IjVI; compound semiconductors in re-
cent years. The structure of (@@ _,),Se (X
=0.00-0.70) has been found to be a defect wurtzite-type SpecimengGa, gdno 40,56 and (Ga, 4dNg 60)>SE are se-
with either aP6, or P65 space group, in which the structural lected as representatives of the two composition regions.
vacancies and the group-Ill atoms are ordered in screw formrhey have obviously different reduced,/a,, ratios and
along thec axis' ™ (see Fig. 1 We have demonstrated that
the single crystals possess pure optical activity alongcthe
axis and the maximum rotatory power comes up to 210°/mm
for visible light>~” One of the most interesting results is that
the lattice constant and the optical band gap do not obey
Vegard's law? Our previous results have shown there exist
two composition regions. One is In-rich region with compo-
sition x from 0 to 0.45. The,, /a,, ratio is almost 1.565 and
the band gap linearly increases from 1.70 to 2.06 eV with
increasing compositior, wherec,, anda,, are reduced lat-
tice constants from the proposed defect wurtzite structure to
the normal wurtzite structure. Another is a Ga-rich region
with compositionx from 0.45 to 0.70. The,,/a,, ratio is
nearly 1.633 and the band gap abruptly decreases to 1.81 eV
with increasing compositiorx. Therefore, both types of
(Galn,_,)»Se; process the same basic crystal structures and
show pure optical activity along theaxis. Their electronic
structures, however, are obviously different to each other.

For the purpose of elucidating the structural difference i 1. crystal structure model of (Gajng.sg,Se with the
between two types of (G, _,),Se;, it is necessary to get gpace group oP6;. It is based on a defect wurtzite structure, in
more detailed information, such as bond length and angle. Ighich the structural vacancies grof the cation sites are ordered in
this paper we first refine the crystal structures of the Ga-richy screw arrangement along thexis. There exist two kinds of Se
and In-rich (Galn;_,),Se using powder X-ray diffraction atoms: the two-coordinated Se atom and the three-coordinated Se
and Rietveld analysis. Based on the results, the structuratom. The former is bonded with two group-lIl atoms and the later
differences and the anomalous dependence of the optical bonded with three group-lil atoms.
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FIG. 2. Measured powder X-ray diffraction profilgsross-
shaped dofs and final Rietveld refinement profiles of

108

(Gay6dNo.40-56 and (Ga4dng e0-Se. The difference curves and (i = "' %
reflection markers at the bottom. \.I.\

S0P =p® B
band gaps but show less difference in compositions. Speci- '.I.'.|
mens are synthesized from £&@ and InSe (Kojundo =\ = Cc

Chemical Laboratory Co., Ltd., Saitama, Japd@rains of
Ga,Se (purity: 3N; melting point: 1278 K and InSe; (pu-

rity: 5N; melting point: 1153 K are melted at 1343 K in
evacuated and sealed silica tubes. After complete mixing, the
specimens are held at 973 K for two weeks and then the
specimens are cooled in air. Compositions of the specimens
were confirmed to béGa, gdNg 40256 and (Gay 4dNg 50256

using energy dispersive X-ray spectroscopy. Powder X-ray @ M)
diffraction profiles are collected within an angular range of & MQ
26 from 20° to 100° in steps of 0.02° by a Bragg-Brentano O se(l)
type 6-26 diffractometer equipped with a curved graphite & Se2)
monochromator using (Kie. Data collection is performed O Se®3)

at room temperature. Silicon powd@dIST SRM 6400 is
used as the internal-spacing standard to justify the instru-
ment.RIETAN98 andFAT-RIETAN SYSTEM (Ref. 8 is used for
Rietveld refinement of the crystal structures.

FIG. 3. The[010] projections of the atomic arrangements(@f
(Gay dno.402Se and (b) (Gay.adngs0)2Se from simulated results
of the final Rietveld refinemenf\, B anda, b denote atomic posi-
tions of the closed packed (0QJd,, i and (001}, layers on the

Il RESULTS basis of wurtzite structure, andf &, dfse, do,&, anddy,® de-
note the distances between the (QQJy),  and (001}, layers.

The two collected X-ray diffraction profiles can be in-
dexed by the aforementioned defect wurtzite structure. It is The results of the Rietveld analysis reveal each structure
noted, however, that their intensity profiles are obviouslyis distinguished from the other by the interplanar distances
different to each other. Figures& and 2b) show observed, between the close-packed planes perpendicular to thes.
calculated powder X-ray diffraction profiles and differenceFigures 3a and 3b) show the [010] projections of
curves for(Gay gdNo.402S6 and (Gay 4dng 0258 after the  (Gay gdNg.a0258 and (Ga) 4dng 60256, respectively. In case
Rietveld analysis. Tables | and Il show the refined crystalof (Ga gdng40-S&;, the structural vacancies and group-lll
data. The final reliability factors are as follows},, atoms are ordered in screw form along thexis and all
=10.00%,S=2.4234,R-=4.19% for(Gay gdnp.40.Se and  atomic positions are similar to those of the ideal wurtzite
Ryp=10.48%,S=2.4324,Rx=2.78% for(Ga 4dnoe02S&,  structure. Two kinds of th€001) layers made of group-lii
where the compositions of the sitkkl andM 2 are assumed atoms and Se atoms are very planar and arranged alternately
to be the same as the nominal one and the temperature fagith a sequence ofaBb along thec axis if we ignore the
tors of Se2 and Se3, as well as thoseMf andM2, are  existence of structural vacancy, whekeB anda, b denote
constrained to be the same. atomic positions of the group-Ill and Se layers on the basis
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TABLE |I. Fractional coordinates and isotropic atomic displacement parame(Bjs for
(Gaydnoa9-Se(Z=2). Space group: P6; (NO. 169, a=0.6843(5) nm,c=1.935(1) nm, andV
=0.7849(9) nm. Rwp=10.00%,R,=7.81%,R.=4.13%, R =4.19%, S=2.4234.

Atom Site Symmetry X y z B(nn?)
Sel é:) 1 0.30%2) 0.3253) 0.12233) 0.0232)
Se2 @ 1 —0.0291) 0.6222) 0.127%2) 0.0141)
Se3 @ 1 0.6892) 0.0232) 0.126@3) 0.0141)
M1 6a 1 —0.0062) 0.6743) —0.00532) 0.00948)
M2 6a 1 0.6522) 0.0032) 0.00000 0.009@)
TABLE 1l. Fractional coordinates and isotropic atomic displacement parametBjs for

(Gay4dnoe02Se; (Z=2). Space group: P6; (NO. 169, a=0.6985(9) nm,c=1.899(2) nm, andV
=0.8026(17) nr R,,,=10.48%,R,=7.95%), R,=4.31%, Re=2.78% S=2.4324.

Atom Site Symmetry X y z B(nnv)
Sel é:1 1 0.3031) 0.3541) 0.15783) 0.0041)
Se2 é:1 1 —0.0252) 0.6231) 0.12673) 0.0231)
Se3 é:1 1 0.7221) 0.0391) 0.13083) 0.0231)
M1 6a 1 —0.0011) 0.6681) —0.02293) 0.009%5)
M2 6a 1 0.687%9) 0.000510) 0.00000 0.009%)

TABLE lIl. Bond lengthsl and bond angle&) for (Ga, gdng 40256 based on the tetrahedral bonding

structure. The symmetry codes are as follow® —y,x—vy, %Jrz. (i) —x+y,—x, §+z. (i) —x,
-y, 34z (V) y,—x+y.+z

I (nm) a(°)
Sefi — M1 0.243812) M1i-Sefi-m2i 105.8946)
Seli-M 2 0.245120)
Se2-M 1 0.255614) M1ii-Se2-M1i 98.9349)
Se?-M1' 0.258406) M1'-Se2-M2f 106.9G39)
Se?-M2i 0.244112) M2ii-Sed-M1' 105.6258)
Sed-M1V 0.252415) M1V-Sed-M21 101.2256)
Sed-M2i 0.244706) M2i-Sed-Mm2V 107.2937)
Sed-M2V 0.254G13) M2V-Sed-M1i 103.4253)

TABLE IV. Bond lengthsl and bond angle®’ for (Gay 4dng 60256 When assuming the structure is based
on the tetrahedral bonding one. The parts enclosefl}byare deviated from covalent ones. The symmetry

codes are as follows(i) —y,x—y, s+z. (i) —x+y,—x, 5+z (i) —x,—y, 3+z. (iv) y,—x

+y,2+z
I (nm) ()
Sel'-M1" 0.259412) M1-Sef’-m2" 109.1G30)
Sefi-Mm2" 0.253@09)
Se2-M1" 0.259712) {M1M-sed-M1}* 92.0328)
{Sed-M17}* 0.285507) M1-Se2-M2 107.9135)
Se2-M2ii 0.239611) M2ii-Sed-M1' 103.9531)
Se3-M1¥ 0.260912) {M1V-Sed-Mm2ii* 92.4027)
{Sed-m211* 0.249706) M2i-sed-m2V 102.4536)

Sed-M2V 0.243711) M2V-Sed-M1i 107.2136)
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TABLE V. Average valuegav) and standard deviation of the bond lengtland the bond angleg for
(Gay gdno.402S8 and (Ga 4dno.e0-Se. The average values for the bond lengths or the bond angles between
the (001)0up m @nd (001} layers are denoted by @y, the others for the bond lengths along thaxis or
the bond angles, whose one side is the bond along tds, are denoted by gy

(Gay 6dNo 40258 (Gay.adNno.60256
| (nm) () I (nm) (%)
av 0.249861) 104.18314) 0.2564141) 102.15716)
aviooy) 0.249254) 105.82151) 0.252791) 106.12280
Voo 0.2518100 100.08162 0.2676253 92.2226)
|avao— Vo0l /aV00n 1.06% 5.43% 5.89% 13.11%

of wurtzite structure, respectively. Hereafter, these two laybasis of tetrahedral bonding structure. The two-coordinated
ers are defined as the (0QL),, layer and the (00L. Se atoms are denoted by Sel and the three-coordinated Se

|ayer_ The distances Oﬂégg and dégé) between the atoms are denoted by Se2 and Se3. The bonds dﬂ\ﬁﬁ!?

(001)g0p 1 and the (001, layers are 0.2476 and 0.0749 and Se8-M2" are nearly along the axis and the others are
nm. Thus thelh 52/dA5? ratio is 3.3:1, which is very close to Petween the atoms in the nearest (Q@l)y and (001,
ratio 3:1 of the ideal wurtzite. layers. The average bond lengths between the group-1ll and
On the other hand, in case @Ba, 4N 69,58, the struc-  S€ &OMS in(G& gdNo402Ses and (G adnoeo2Ses are
tural vacancies and group-lll atoms are also ordered in scref)-2498 and 0.2564 nm,_wh|c'h IS In agreem'ent with the 'estl-
form, and the (00L)oun and the (0013, layers are also mated tetrahedral bonding distances applying the atomic ra-
arranged alternately with the same sequencaaBbalong ~ dius of Ga, In, and Se atoms by PearSdrable V shows the
the c axis. However, both the layers are waved and the neafdverages and the standard deviations of the bond lengths and
est (001)0, and (001}, layers are very close to each angles for(Ga 6dno.402S€ and(Gay 4dNo.60)2S&: The struc-
other. The distances of*-2 and d*:° between the ture of (Gagledno__m)ZSeg is conformed to be based on the
(001) and (001) Iay%?g is 0 2831460 and 0.0319 nm. tetrahedral bonding structure; the bond lengths are nearly the
s egéct)iliftaull and thei’?\’a/dA’b ratio becomes 8.9-1 |n S2me and the bond angles are close to the angle of the ideal
othzr word;/’ it seems zggoif tﬁgo roup-lll and Se layers mergisrahedral bonding structure. In case (Gf2.4dno 025,
into one atdmic layer Consquentlgl thJaBbstac)Ildng is gFiowever, the standard deviations of the bond lengths and
changed 0 stacing s he ame Sequence 6 siuc. 0% 8 T 1 e e aliesibacionSe,
ture, wherea and 8 denote atomic positions of the merged b h in th d 061
layers, and the mergeaB andbA correspond tax and 8 etween the atoms in the nearest (QRHl)y and (001
respeétively ' layers and the other is along tleeaxis. The former bonds

Such structural differences can be evaluated by their bonahow almost same bond lengths and their bond angles are

lengths and angles in details. Tables Ill and IV show the'cY close to the ideal angle of 109.47% The later bonds

show that the lengths (Se®1',Se3-M2") and the angles
bond lengths and angles fonGagdnga0.Se and i g nqi V_cod £ o A
(G adno.e02Se;, respectively, which are evaluated on the('v|1 Se2-M1',M1%-Se3-M2"), whose one side is the

3.00
2.50 A
2.50 Zn:Cdi1-sSe: wurtzite > -
73 UM _
200 \ s _-
> 2 200 /‘I\
g & [
layered !ideal
5 1.50 | E 1.50 | (Gaxlm-x)zISeJ:
g a = defect wurtzite
e =
2 N £ 1.00
§ 1.00 | Eg-Ee u :
=
g 0.50 GaxInixAs: zincblend
0.50 | "
[ = oop
Ec :
0.00 0.20 0.40 0.60 0.80 1.00
0'0(:) 00 020 0.40 0.60 Composition x
Composition x FIG. 5. Comparison of the optical band gaps among the Ill-V,

VI3, and 11-VI compound semiconductors: & ,As,
FIG. 4. Schematic diagram shows the dependence of opticglGaln;_,),Se, and ZyCd, _,Se(Refs. 6, 10—1R The band gaps
band-gap energy on composition in (88 _,),Se. Eg; and E of ZnSe and CdSe are measured alongdiagis of wurtzite struc-
denoted the measured band-gap energy alongcthris and the  ture the same as that of (@@, _,),Se;. The dish line denoted the
estimated covalent band energy. The difference betviigeandE, estimated band gap of Z@d, ,Se from the values of ZnSe and
is considered to be almost contributed by ionic bonding nature. CdSe by applying Vegard's law.
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bond along the axis, are obviously deviated from the tetra- lent band energ¥, . Since the purely covalent materials Ge
hedral bonding characteristics. The average bond lengthnd a-Sn, as the same periodic elements of Ga, Se, and In,
along thec axis is about 6% longer than that between theare well known to possess the band gaps of 0.66 and 0.08
atoms in the merged001) layers; the average bond angle ev, respectively, th&, is estimated from the band-gap data
(M1"-Se2-M1',M1"-Se3-M2") is 13% smaller than the by applying Vegard's law. It is found that with the increasing
ideal angle of 109.47°. . _ _ of compositionx from 0.00 to 0.60E, only increases from
From the above results, the structure in the Ga-rich regiog) 37 1o 0.55 eV: these values are much smaller than the
is called the ideal defect wurtzite structure. Meanwhile, theoand-gap energf, . This means that the band-gap energy

structure In the In-nc_h region Is called t_he layered defectEg is almost originated from the ionic bonding nature and the
wurtzite structure, which is obviously deviated from the tet-

. ; i?nic bonding nature is dominant for both the defect wurtzite
rahedral bonding structure and which shows some Strucwr%tructures In the In-rich reaion with comnpositisfrom 0.00
characteristics of the layered compound suclHn-&s\. ) 9 P '

to 0.45, the differenc& E betweenEy andE. is much larger
thanE., althoughE, increases a little with the increasing Ga
content. In the Ga-rich region with compositiarfrom 0.45

In the refinement, the compositions and temperature fado 0.70, theAE abruptly decreases althoug@h continues to
tors for M1 andM?2, as well as the temperature factors for become larger with increasing Ga content. This indicates that
Se3 and Se3, are fixed to be the same. Essentially, su¢he abrupt decrease of theE in the Ga-rich regions is due to
parameters should be refined independently. We actuallthe loss of the extra ionic bonding. Therefore, ionic bonding
tried it but could not obtain significant differences amongis dominant in both the defect wurtzite structures and the
these parameters due to poor diffraction quality. It is enoughadditional ionic binding acts between the mergedl) layer
however, to characterize the structural difference betweein the layered defect wurtzite.
the ideal and layered defect wurtzite structures. Further re- These results also can be confirmed by making a compari-
finements, including partial ordering of metal atoms in theson of the band gaps among the 1lI-V, M3, and II-VI
sitesM 1 andM2 and individual temperature factors are still compound semiconductors. Figure 5 shows the band gaps of
necessary by improving data quality of x-ray diffraction.  (Galn;_,)As, (ZnCd;_,)Se, and (Gdn;_,),Se as the

The bonding nature of the ideal and layered defect wurtzfepresentatives with the same periodic elements of Ga, Zn,
ite structures are obviously different to each other. In theAs, and Se or Cd and In. The band gap of thgMIk with
ideal defect wurtzite structure, the bond lengths and anglesither the layered or ideal wurtzite structure is much closer to
are almost equal, so that each bond possesses uniform covhe value of the wurtzite-type 11-VI compound rather than
lent and ionic components. In the layered defect wurtzitethat of the zincblend-type 11I-V compound. This seems rea-
structure, however, the bond lengths along thaxis are  sonable because the ionicity of the anion inVil; is the
obviously longer than those between the atoms in the mergeshme as that of 11-VI and the ionicity is responsible for the
(001 layers. In addition, the bond angles whose one side iband gap of compound semiconductors. In other words,
the bond along the axis are deviated far from 109.47° and 11l ,VI; compound semiconductors can be regarded as one of
almost equal to 90°. Consequently, the bonds are not uniforrthe relatives of II-VI compounds. Furthermore, the band gap
any longer and the bonds in the merd@@1) layers become of the layered defect wurtzite structures is almost equal to the
much stronger than those along thexis. Moreover, th&  value of the II-VI compounds; meanwhile the band gap of
parameter of the layered defect wurtzite structure is muclthe ideal defect wurtzite structure tends to be far from that.
smaller than that of the ideal one, although the layered defedthis remarkable difference is originated from the extra ionic
wurtzite structure appears in an In-rich region. These factbonding in the layered defect wurtzite structure as stated
imply that overall bondings in the layered defect wurtzite above. Therefore, the structural difference between the lay-
structure become much stronger than those in the ideal onered and ideal defect wurtzite structures can be distinguished
It is suggested that extra ionic bondings act in the mergedtfom the viewpoint of electronic structure although their
(001 layers and make the parameter of the layered defect space groups and basic structures are the same. The struc-
wurtzite much smaller than that of the ideal one. tural feature of the layered defect wurzite is a unique one: it

Such consideration can also explain the anomalous depeis a layered one but still holdsp®-like bonds. Such a feature
dence of the optical band gap on compositionFigure 4  comes from the ordered arrangement of structural vacancies
shows the relationship between the measured optical barid the defect wurtzite, and is never realized in the usual
gapEy and compositiorx together with the estimated cova- wurtzite structure oh-BN-type structure.

IV. DISCUSSION
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