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(Receivel 18 Septembe 1995 acceptd for publicaticn 2 Decembe 1995

We repot the growth of zinc-blen@d ZnSe€MgS superlattice (SLs) on GaAs (001) substratesThe
SLs were grown with metaloganic vapa phag epitayy by selectirg appropriag¢ precursos for Mg
ard S. MgS naturally forms rocksat structuresbut zinc-blend MgS layers were grown The lattice
constan of MgS was estimate to be 5.59 A. X-ray diffraction measuremestshow tha the
ZnSdMgS SLs are grown coherenty to the GaAs substrate up to the totd thicknesse of ~3000
A. © 19% American Institute of Physics [S0003-695(96)04506-4

Wide bard gap 11-VI semiconductosuperlattics (SL9)
hawe attractel mudc attention for realizing blue/grea light
emitting devices It is well known tha the bard offset plays
an importart role in determinirg the characteristis of het-
erostructuresHoweve, mog of 11-VI heterostructurepro-
posel up to now hawe bard offsess localized to eithe con-
duction or valene bard edges In the ca® of ZnSe/ZnSSe
SLs the bard offset is localized to valen@ bands while the
conductio bard discontinuiy is very small! For ZnMnSe/
AnMnSe/Zn%® SLs the heterojunctios exhibit very small
valene bard offsets? Recenty 11-VI compouml semicon-
ductors containirg group-11A elemens like Mg are expected
to be the most promising materials to
heterostructure$2 In particula, ZnMgSSé=" has been ex-

tensive) studial sinee Zn(Cd)Se/ZnMgS$#® heterostructures

can confire both electrors and holes Nakayana et al. dem-
onstrate first continuous-wag operatio of blue-grea laser
diodes using ZnMgS as the claddirg layer.

ZnMgS& films of the zinc-bleneé structue can be
grown on GaAs (001) substratesand the bard gap eneagies
can be change from 2.8 to 4 eV maintainirg lattice match-
ing to the GaAs substrates.Howeve it is reportal tha the
crystalline quality of ZnMgS<e layels tends to be worse with
the increag of the Mg composition For binatly Mg chalco-
genides of the zinc-blene structure the lattice constans of
5.80 ard 5.62 A and the bard gap enegies of 3.6 and 4.5 eV
are estimate for MgSe and MgsS, respective}.® Howeve the
binaly compour MgS naturally forms the rocksat structure,
ard the reportel lattice constant anrd bandg@ eneagies were
extrapolatd from the experimenthdat on the quaternary
alloys.

Although the zinc-blenaé MgS has not previousy been
reported the largeg bard ggp amorg 11-VI semiconductors
is estimatel in MgS. Therefoe in the combinatio of ZnSe
and MgsS, the bard offsets of the conduction bard and the
valene bard are expectd to be very large° This wil | offer
large quantum confinemen effects on both electrors and
holes In addition ZnSéMgS heterostructure will have
smal lattice mismatd of 0.87®%6 ard are reasonalyl lattice-
matchel to GaAs substratesThe attractive features moti-
vate us to try to grow the zinc-blena MgS. In this letter, we
repot the first successfuepitayy of zinc-blenagd ZnSéMgS
SLs on GaAs (001) substrates.
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The growth apparats usal in the presen experiment
was an atmospheric-presseimetalaganc vapa phag epi-
taxy (MOVPE) system ZnSéMgS SLs were grown on semi-
insulatirg (S.l.) GaAs (001 substratesThe precursos used
were diethylzinc (DEZn), diethylselenié (DESe, bismethyl-
cycropentadienyl-magnesiu[(MeCp),Mg] ard diisopropyl-
sulfide (DiPS). The flow rates were controlled by mas flow
controllers The line of the Mg precurso was heatel to about
70 °C, since the vapa pressue of (MeCp),Mg is low. Typi-
cd growth conditiors are summarizd in Table I.

The growth processe on the substra¢ surfae were
monitored by a He—Ne lase (6328 A) using an opticd mul-

realize tiple reflectian in the films. This techniqee has been utilized

to measue the film thicknes and the growth rate The fab-

ricatad ZnSéMgS SLs were characterize by high-resolution
x-ray diffraction (HRXRD) measuremest utilizing a
CuKa; line (A\=1.546 A) and photoluminescere (PL)

measuremestat 12 K. The specimes were excited by a
He—Cd lase (3250 A).

The thick solid line shown in Fig. 1 is atypicd (004)
x-ray diffraction patten measurd on the ZnS&MgS SL with
21 periods (sampe a). Severaordess of satellie peaks which
refled the periodicity in the SL are clearly observedThe Oth
pe& is observe at the higha angk position compare to the
GaAs (004 diffraction peak The avera@ lattice constant
perpendicula to the interfae (a, ,,) was calculatel to be
5.607 A.

We hawe examinel the dependene of the Oth pe&k po-
sition on the rotatian angk in the (001) surfa® plare during
the HRXRD measurementd he variation of the correspond-
ing a, ,, value by the rotation was within the accurag of the
apparatus0.00L A. Therefoe it is conclude tha the SL
(001) planes are almogs completey paralld to the (001)
plare of the GaAs substrate.

TABLE |. Typicd growth conditiors of ZnSéMgS SLs.

Substrag temperature 49°C

DEZn flow rate 2.1umol/min

DESe flow rate 1 mol/min
(MeCP,Mg flow rate 0.3-0.56 umol/min
DiPS flow rate 16 umol/min
Growth rate of ZnSe 0.8-0.48 um/h
Growth rate of MgS 0.2-0.30 um/h
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FIG. 1. X-ray diffraction patten measurd on aZnSéMgS SL with the 21
periods Severa ordess of satellie peals indicated by 0, 1, 2, ard +3
were observe arourd the GaAs (004) peak The thin solid line is the theo-
reticd simulation calculatel with the measurd parameters.

The observe satellie pe& positiors were plotted in the
form of sinf in Fig. 2. The linear relation to the order of the
peals shows the clea evidene that the observe peals were
diffracted from the SL structure From this slope the thick-
nes in one periad (L) was estimate to be 924 A. These
observatios of the well-definel SL satellie peals around
the GaAs (004) pe&k demonstrat the successfugrowth of
zinc-bleng ZnSeéMgsS SLs.

To determire the ZnSe well and MgS barrig layer
widths from the HRXRD measurementghe precie knowl-
edee of the lattice constand and the elastt constardg is nec-
essay to take into accoun the stran effects Howevae, these
dat are nat availabk for the zinc-blené MgS at present.
Therefoe we hawe introducel anothe information on the
layer widths from the in situ opticd multiple reflection mea-
surementsThe reflection of the He—Ne lase light gives the
maximum and the minimum dependig on the film thick-
nessesNea the averag levd of the reflectionsthe variation
of the reflectian with the film growth is almog proportional
to the chang of the opticd pah lengh inducel by the in-
creae of the film thickness Therefore the ratio of the re-
flection intensiyy chang during the growth of the ZnSe
(Arznsd and MgS (Arygs) layers is given by

0.58
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=
(7] |

0.54

0‘52 I | | | | 1 |
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FIG. 2. The satellie pe&k positiors observe in Fig. 1 were plotted in the
form of siné. The thickness in one periddwas estimated to be 92.4 A from
the slope.
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TABLE Il. Parametey measurd on the sampls aand b: averag lattice
constam perpendiculato the interfae a | ,,, thicknes in one periad L, ZnSe
well width L znse, M@S barrig width Lygs. M is the numbe of SL periods.

a, ay Lznse Lmgs
Sample A) L (A) A) A) M
a 5.607 92.4 49.8 42.6 21
b 5.617 113.0 69.4 43.6 20

Arznsed Arngs =Nznsdznse/ Nugsbmgs: Where nz,se and
Nyvgs are the refractive indexes of ZnSe and MgsS, respec-

tively, and L znseand L yqs are the ZnSe and MgS layer thick-
nessesrespectivel. The one periad in the SL is given by
L=Lznset Lmgs- Therefoethe ratio of the layer thicknesses,
L znse/Lmgs, Can be obtainel with the knowledg of the re-
fractive index values In our experimens at the wavelength
of 6328 A, nz,s.0f 2.578 and Nygs Of 2.206 were estimated
using the modified single-dfective-oscillato model** From
the measurd ratio of Arznse/ Arygs=1.37 for this specimen
togethe with L=924 A, L,,s.ard L mgs are calculatel to be
498 ard 426 A, respectivel. The measuremestwere per-
formed on othe SL sampla following the same procedure,
ard the resut for one more sampek is addel in Table II.
Although the two sample shown in Table Il hawe the MgS
thicknesse less than 50 A, the growth of the zinc-blende
MgS layers was observe up to at leag 100 A.

Figure 3shows the dependeneof a, ,, on the totd layer
thicknes for two seriss of sampls with the fixed
L znsé/ L wgs ratio and the fixed numbe of SL periods M with
differert layer thicknesse in one periad L. The Lznse/Lugs
ratio is 1.17 and 1.59 for the closel circles ard the closed
triangles, respectivel a,,, was kept almost con-
start at abou 5.607 A for Lznse/Lygs=1.17 up to the
thicknes of 3200 A and was kept at abou 5.617 A for
L znse/ L mgs=1.59 up to the thicknes of 3000 A. Howevae,
a, 5y Was reduce when the film thicknes increasd further.
This suggest the onse of the lattice relaxatio of the films
beyord the respectie film thicknessesThis resut indicates

5.63

o Lynsdlygs=1.17, M= 21

559 4 Lgg/lygs=1.59, M=20 .
, i
5.58 L— ' ‘ :
1000 2000 3000 4000
TOTAL THICKNESS (A)

FIG. 3. Dependeneof a, ,, on the totd thicknes for two series of samples
with the fixed L ;,s¢/Lwgs ratio and the fixed numbe of SL periods M, but

with differert layer thicknesse in one periad L. Lz,se/Lygs and M were
1.17 ard 21 for the closel circles ard 1.59 and 20 for the closel triangles.
a,,, was kept almog constam up to the totd thicknesse of 3200 A for

L znse/ Lgs=1.17 ard 3000 A for Lznse/Lygs=1.59 a, 5, Was reducel as
the film thicknes increasd further.
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FIG. 4. PL specta measurd at 12 K on the ZnS&MgS SLs of the samples
aard b. The PL peals were blue-shiftel to the highe enegy compare to
that of bulk ZnSe.

tha the ZnS€MgS SL layers were grown coherenty to the
GaAs substrate up to the orde of 3000 A in totd thickness.

Let us discus the lattice constan of the binaly MgS
(agmg9)- The lattice constang of ZnSe (a, 7,59 and MgS
(a;mgs) perpendicula to the interface are related to the
above-determirge quantities in the following equation:
L/a; av=Lznse/ @1 znset Lmgs/@1 mgs- 1IN the ZnSeMgS SL
grown coherenty on (001) GaAs a, 7,5—5.68 A is esti-
mated from the condition of the pseudomorplai deformation
of ZnSe on GaAs usirg the elastt constars for ZnSe! Em-
ploying the measurd a, 5, L, Lz;ge and Lygs values sum-
marized for the two sample in Table II, the a, 45 Was cal-
culated to be 5.515 A for the sampé aard 5.508 A for the
sampé b. Sinee the elastt constarsg for MgS is not avail-
able we substitue those for ZnSe and ZnS! The MgS lattice
constam derived was 5.590 and 5.52 A usirg the ZnSe and
ZnS elastt constantsrespective}, for the sampk a. It was
5.587 and 5.58 A using the ZnSe and ZnS elastt constants,
respective), for the sampe b. From thes results the lattice
constarg of MgS was determine to be agygs=5.59 A.

The credibility of the determiné lattice constant and
the layer thicknesse were examinel by the theoretich simu-
lation of the measurd HRXRD pattern The thin solid linein
Fig. 1 shows the theoretich simulatin calculatel for the
sampe a. In this calculation we take accoun of the thick-
nes fluctuation for eat layer to fit the broadenig of the

846 Appl. Phys. Lett., Vol. 68, No. 6, 5 February 1996

satellie peals assumii the fluctuatian of =1 and =2 mono-
layers with the respectie diffraction weighting of 0.73 and
0.32 The excellert fit of the simulatin to the measurd pat-
tem shows that the determiné agygs value is well reliable.

Figure 4 shows PL specta measurd at 12 K on the
ZnSéMgS SLs (sample aard b). The PL peals were blue-
shifted to the higha eneagy compare to free-excitors of
bulk ZnSe and no midggp emissia was observedThe blue
shift of the PL peals was observe with the decreas of the
thicknes of well layers in SLs, which suggest the quantum
confinemeneffect in the fabricatel ZnSéMgS SLs.

In conclusion we hawe demonstrate for the first time
the successfugrowth of zinc-bleneé ZnSéMgS SLs The
SLswere grown coherenty to GaAs substrate up to the total
thicknes of ~300 A. The clea SL satellie peals were
observe in the HRXRD measuremestard the lattice con-
start of MgS was estimatel to be 5.59 A.

This work was supportd in pat by a Grant-n Aid for
Scientifc Researh from the Ministry of Education Science,
Spors and Culture No. 0745513 ard the Mitsubish Foun-
dation.
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