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[100] composition modulation as well as [101] and [ 101] t w e e d s t r a i n c o n t r a s t
were observed in 0.72 ~tm t h i c k Z nI Mg~S Sex y epitaxial films g r o w n on ZnSe
buffer layers. The lattice distortion ]nduced t w e e ds t r a i n c o n t r a s t disappears in
relaxed Z nI Mg~S Se~ ~ layers of thicknesses above ~ 0 . 8 - 1 ~tm even t h o u g h the
[100] compositioffmo(lulation remains. Instead, the formation of microtwins
t a k e s place to relieve the s t r a i n in the distorted lattice of the q u a t e r n a r y films.
The Z nI Mg S Se~ ~ layers were obtained by growing a ZnSe buffer l a y e r on As-

- - - " " hstabilized GaAs substrates with Z n t r e a t m e n t of the substrate p r i o r to the g r o w t
of the film. The samples with film thickness of~0.72 ~m were of very high q u a l i t y
with a defect density of less than 5 x 104/cm2. Some samples showed r o u g h ZnSe/
GaAs interfaces and a high d e n s i t y of F r a n k p a r t i a l dislocations originating a t
the ZnSe/GaAs interface. The interface roughness is believed to r e s u l t from a n
As-rich GaAs surface a f t e r the oxide desorption.

K e y w o r d s : Composition modulation, m i s f i t accommodation, Znl_ MgxSySel_y
films, t w i n n i n g

INTRODUCTION
The f i r s t g r e e n II-VI injection lasers have been

fabricated by H a a s e e t al. 1 and l a t e r by Jeon e t al.,2
u s i n g ZnSo.o6Seo.94 as cladding layers with a ZnSe
w a v e g u i d i n g r e g i o n . Recently, a new m a t e r i a l ,
Znl xMgxSySel y with high magnesium and s u l f u r con-
centrations (x,y > 0.15), was proposed and s t u d i e dfor
the fabrication of blue-light e m i t t i n g devices2 In this
study, a double heterostructure containing a thin
ZnSo.o6Seo94 a c t i v e l a y e r a n d a q u a t e r n a r y
Z n I Mg S Se . cladding l a y e r were used. Also, for-x x y l - :y

blue-green lasmg, the f i r s t pseudomorphlc separate-
confinement diode with Zno.9Mgo.~SoaSeo. 9 cladding
and ZnSo.osSeo.94 g u i d i n g layers in the p u l s e dmode has
been demonstrated a t room temperature. 4 Due to the
differences in band gap energy between the g u i d i n g
and Znl_xMgxSySel_y cladding layers with different
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magnesium and sulfide concentrations, blue or blue-
g r e e nl i g h t e m i t t i n g devices are possible.4-7 For m a t e -
r i a l s consideration, since the tetrahedral covalent
r a d i u s of magnesium is l a r g e r t h a n t h a t of zinc and
the tetragonal covalent r a d i u s of s u l f u r is smaller
t h a n t h a t of s e l e n i u m ,s the l a t t i c e c o n s t a n t of
Zn. Mg S Se. filmscanbeadjustedtoobtainpseudo-I-X X l--y • •
morphic cJadding layers with m-plane lattme con-
s t a n t e q u a l to t h a t of GaAs. Besides, the band gap
e n e r g y c a n be increased by increasing the s u l f u r
concentration and the m a t e r i a l c a n r e m a i n pseudo-
morphic to the GaAs s u b s t r a t e ) T h u s , on the g r o w t h
of the ZnxMgI xSySe~ f i l m , the band gape n e r g yc a n be
t u n e d to o b t a i n blue-green or blue l a s i n g and the
lattice c o n s t a n t c a n be adjusted to m a t c h the lattice
constant of the GaAs substrate.

The g r o w t h of lattice matched quaternaries re -
q u i r e s exact control and high stability of the fluxes.
We investigated the microstructure of quaternary
Znl_xMgxSySel_y layers of different film thicknesses
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Fig. 1. Transmission electron microscopy (010) cross section (a) (400)
and (b) (004) dark f ie ld images of a ~200A ZnSe cap layer/~0.18 ~m
Zno7~Mo 274So ~sSeo7~~88/~, ZnSe QW/~0.54 ~tmZno~ M go 274So 26sSeo7as/
~266~ ZnSebuffer:/GaAs sample. Both composi¼ion modulation and
tweed contrast areobserved in (a), but only tweed contrast is observed
in (b).

b u t with approximately the same composition. We
also s t u d i e d the q u a l i t y of the ZnSe buffer/GaAs
interface. We have previously reported9 the observa-
tion of composition modulation i n pseudomorphic
Z n 1 xMgxSyS% y films.

In the prese~at work, we compare the composition
modulation in strained and relaxed Z nI xMg SySel y
layers and discuss the mechanism for s t r a i n relax-
ation. Both pseudomorphic and relaxed Zn~ Mg SySe1y
layers with t o t a l film thicknesses of ~0.72 to 2.1 ~t~
were g r o w n on GaAs substrates with ZnSe buffer
layers. The ZnSe buffer l a y e r was g r o w n between the
q u a t e r n a r y Z n Mgl_xSySel_~ film and the GaAs sub-
s t r a t e to decrease the density of faulted defects gen-
e r a t e d on the II-VI/GaAs interface. The q u a t e r n a r y
Zn. Mg S Se. films contained relatively high mag-

l - x x y l -y_

n e s i u m and s u l f u r concentrations (~ 0.24 < x < 0.28
and ~ 0.26 < y < 0.33) to o b t a i n a high band gap e n e r g y
of ~ 3.1 eV. For films with thicknesses below 0 . 8 - 1 ~tm,
the q u a t e r n a r y films were pseudmorphic to the GaAs
substrate g i v i n g rise to a tweed structure originating

a t the Znl_xMgxSe 1JZnSe interface. However, for re -
l a x e d q u a t e r n a r y Iayers with film thickness o f - 2 . 1
~tm, the lattice s t r a i n relaxed by the formation of
microtwins m o s t l y originating a t the Znl_xMgxSySel_/_
ZnSe interface. In both cases , however, chemical
composition modulation was f o u n d in the q u a t e r n a r y
films.

The formation of defects in epilayers also affects the
performance of semiconductor devices. Defects could
e i t h e r ac t as p i n n i n g centers for electronic carriers or
as sources for the formation of degradation defects.i°
From our studies, F r a n k p a r t i a l dislocations were
observed originating a t the ZnSe buffer/GaAs i n t e r -
face . No Shockley p a r t i a l dislocations were observed
for t h e s e ZnSe layers with two dimensional (2D)
g r o w t h mode on GaAs substrates. The d e n s i t y of
f a u l t e ddefects is g r e a t l y dependent on the t r e a t m e n t
and stoichiometry of the GaAs surface.

E X P E R I M E N T A L

The Z n1 xMg S Sel y epilayers s t u d i e d in this work
were g r o w n on ZnS~ buffer layers on (001) GaAs
substrates by molecular beam epitaxy (MBE). The
films were g r o w n a t 280°C u n d e r ZnS, Mg, and Se
atmospheres a t a g r o w t h rate of 0.7 ~m/h.ll The GaAs
substrates were desorbed i n s i d e a separate chamber
with As over pressure. The As-terminated substrates
were then transferred to the g r o w t h chamber and
h e a t e d to the g r o w t h temperature. In this chamber a
(2 × 1) reconstructed surface was obtained. Then the
substrates were exposed to Z n for ~2 min before the
g r o w t h of the ZnSe buffer layers was initiated. A f t e r
the Z n treatment, the g r o w t h surface became smoother
as evidenced by a more s t r e a k y and s h a r p (2 x 1)
reflection high energy electron diffraction (RHEED)
p a t t e r n .

The films were g r o w n in the two-dimensional (2D)
mode as observed by R H E E D studies. The t o t a l film
thicknesses were between 0.72 to 2.1 ~m, as mea-
s u r e d by transmission electron microscopy (TEM). A
JEOL 840 scanning electron microscope (SEM) was
used to identify the d e n s i t y of the defects u s i n g
cathodoluminescence (CL). A Bede 150 double crystal
rocking curve s y s t e m was used to determine the
vertical lattice c o n s t a n t of the Znl_xMgxSySel_y film
and evaluate the films' quality. The band gap e n e r g y
was d e t e r m i n e d by room t e m p e r a t u r e p h o t o -
reflectance, and the average composition of the f i l m s
was determined by the vertical lattice c o n s t a n t and
the b a n d g a p energy. For TEM studies, (100), (010),
(110), and ( 1 1 0 ) cross-section specimens were pre-
p a r e d by mechanically t h i n n i n g the samples u s i n g a
t r i p o d polisher followed by a r g o n ion-milling a t l i q u i d
n i t r o g e n temperature. The e n e r g y of the Ar+ ions was
2 to 3 KeV to minimize sample preparation damage.
In addition, (001) plan-view specimens were prepared
by etching the back side of the substrate u s i n g a 4:1
(H202:NH4OH) solution. A JEOL 2000FX-II and a
JEOL 200 CX TEMs with side e n t r y gonimeters
operated a t 200 K V were used to s t u d y the s t r u c t u r e
of the q u a t e r n a r y films.
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RESULTS AND DISSCUSSION

Composition Modulation and T w e e d
Structures in the Pseudomorphic
Znl_~Mg SySel_yFilms

F i g u r e l a is a TEM (400) dark field i m a g e from a
(010) cross-sectional Zn~ xMg S S e . / Z n S e q u a n t u m
well (QW)/Zn~ M g S - S e ~ :/~,nS-~ b u f f e r / G a A s
heterostructure. T h e thickness of the ZnSe QW is
~88A and is located a t a distance of ~0.2 ~m from the
film surface. The thickness of the ZnSe buffer l a y e ris
~266.~. The t o t a l thickness of the film is ~0.72 ~m. A
contrast modulation is observed a l o n g the [100] direc-
tion (perpendicular to the g r o w t h direction) in the
Z n I ~Mg S SeI film with a period of ~50 to 70 nm.- x y - y .
From energy d~spersive x - r a y spectroscopy (EDS)
composition measurements obtained from the dark
and b r i g h t b a n d s in Fig. la , we observed a variation
i n the S and Mg concentrations indicating t h a t the
contrast corresponds to a composition modulation. In
a d d i t i o n to the composition modulation contrast,
tweed-like s t r a i n contrast is also observed in Fig_. la .
The tweed-like c o n t r a s tis a l o n g the [101] and [ 101]
directions, i.e., inclined +45° with respect to the g r o w t h
surface.

No misfit or t h r e a d i n g dislocations were observed
in any of the TEM cross-sectional and plan-view
images from this sample. Also, the full w i d t h a t half
m a x i m u m (FWHM) is of ~33 arc s as measured from
x - r a y rocking curves. These r e s u l t s indicate that the
quaternary film is indeed pseudomorphic to the GaAs
substrate with good material quality. The projected
images of the ZnSe QW and the ZnSe buffer l a y e r
overlap with the modulated Zn. Mg S Se. i m a g e in±-x x y ~-y
Fig. l a because the sample was t i l t e d a b o u t the [100]
axis to o b t a i n the image. Also, from the TEM cross-
sectional images, we observed t h a t the ZnSe QW
r e m a i n s pseudomorphic to the q u a t e r n a r y film with
the same in p l a n e lattice constant. Furthermore, from
TEM (110),(110), (100), and (010) diffraction pat-
t e r n s , very f a i n t streaks a l o n g the [001] g r o w t h direc-
tion were observed. This indicates t h a t the lattice in
the regions of different composition is tetragonally
distorted with a varied perpendicular lattice c o n s t a n t
(a,) in o r d e r to r e m a i n pseudomorphic with the GaAs
substrate.

F i g u r e l b is a TEM (004) dark field i m a g e from a
(010) cross-section of the same sample s h o w n in Fig.
la . I n c o n t r a s tto Fig. la , Fig. l b shows no contrast for
the composition modulation and only tweed-like s t r a i n
c o n t r a s t d i s t r i b u t e d t h r o u g h o u t the m o d u l a t e d
Zn~ Mg S Se . film (except in the area of the ZnSe- x x y I-y
QW and the buffer layer) is observed. The invisibility
of the composition modulation contrast in the [004]
two-beam condition indicates that the decomposition
of the Zn~ xMg S Sel film is in the direction n o r m a l
to the g r o w t h direct-~on only. (100) and (110) high
resolution TEM (HRTEM) images from this sample
show t h a t t h e c o m p o s i t i o n m o d u l a t i o n of the
Zn~_~ MgSySel_y s t a r t s a t the ZnSe buffer l a y e r /

Z n 1 xMgxSySel y interface. No satellite s p o t s associ-
a tecl with the c-~mposition modulation were observed
due to the resolution of the TEM diffraction s p o t s for
t h e s e l a r g e wavelengths (~50 to 70 nm) of composi-
tion-modulation.

Origin o f T w e e d Structures
A n o t h e r s t r a i n c o n t r a s t in the pseudomorphic

Znl xMgxS Sel y f i l m s is the tweed-like c o n t r a s t ob-
s e ~ e d in Fig.-1 of the TEM cross-sectiona ! images.
F i g u r e l b s h o w s t h a t the tweed-like s t r a i n contrast
w h i c h is also associated with the composition m o d u -
l a t i o n9s t a r t s a t the ZnSe buffer/Zn~ xMg S Se~_~i n t e r -
face . From TEM ( i 10),(110), ( 1 0 0 ) , a n d (010)-diffrac-
tion patterns, very f a i n t s t r e a k y diffraction spots
a l o n g the [001] g r o w t h direction were observed. This
indicates t h a t the lattice in the regions of different
composition is tetragonally distorted with a varied
perpendicular lattice constant (a±) in o r d e r to r e m a i n
pseudomorphic with the GaAs substrate. T h u s , the
film/substrate interface is coherent b u t t h e r e is s t r a i n
a l o n g the g r o w t h direction. This indicated t h a t the
composition modulation produces different tetrag-
o n a l i t y in areas of different composition g i v i n g rise to
a waviness of the lattice spacing a~ a l o n g the g r o w t h
direction. The waviness of the p l a n e s produces s t r a i n
modulation w h i c his observed as t w e e d contrast. This
kind of t w e e d s t r a i n contrast has been observed in
In~ xGa As P~ epitaxial films./2 However, in relaxed
III--V and YIV--~I epitaxial films, ~3,~4 no such t w e e d
s t r a i n contrast was observed even t h o u g h composi-
tion modulation was found. This is because no local
variation in the tetragonality of the films was ex-
pected in the relaxed modulated structures.

The o r i g i n of the t w e e d contrast in Ni-Al alloys, for
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Fig. 2. Schemat i cd iagram of the Zn1 xMgxS Sel~ZnSe buffer/GaAs.. - y
heterostructure with composfl~on modulation and strain modulation
starting from the Zn~_~MgxSvSelJZnSe interface. The Zn~ .MgxSySe~.
domains remain pseudom0rph ic to the GaAs substrate with Iocalize~
variations of the tetragonal distortion of the lattice along the g r o w t h
direction.
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Fig. 3. (400) dark f ie ld plan-view image of aZn~ xMg×S Se~ yfilm Stra in
• , , - . Y - •modulation contrast reduced by surface buckhng~sobservedalong the

[110] direction and the striated composition modula t ion contrast is
observed along the [100] direction.

example, has been demonstrated by Roberston and
W a y m a n15 to a r i s e from a localized variation in the
tetragonal distortion of the lattice by the static dis-
placements of atoms. In Z n1 xMg SySel films, M g h a s

- . - Y

a l a r g e r tetrahedral covalent r a d m s t h a n Zn, and the
tetrahedral covalent r a d i u s of S is smaller t h a n that
of Se. s T h u s , the difference in tetrahedral covalent
r a d i i produces clustering of like species w h i c h in t u r n
introduce local dilations and contractions of the lat-
t ice, as has been discussed in Ni-Al alloys.15 The t w e e d
structure may or may not coexist with the modulated
structure. However, the localized variation in distor-
tion of the lattice by the static displacements ofa t o m s
seems to have a direct correlation with the tweed
s t r a i n contrast. No such local dilations and contrac-
t i o n s of the lattice are expected in the b i n a r y ZnSe
compound. T h u s , it is not surprising t h a t no t w e e d
contrast was observed in the ZnSe QW or buffer
layers. Besides, in pseudomorphic Zno.gMgo.lSo.lSeo.9
films with low Mg concentration, 4 no composition
modulation or t w e e d structures were observed. T h u s ,
t h e r e seems to be a m i n i m u n in the Mg and S concen-
t r a t i o n necessary to produce e n o u g h localized tet-
r a g o n a l perturbations of the lattice. A possible sche-
m a t i c d i a g r a m of the distortions in Z nI xMgxSySel x
films is presented in Fig. 2. This f i g u r es h o w s domains
with a specific out of p l a n e interplanar spacing and
not individual unit cells. The Zn~ xMgxS Se~ film- y - y

remains pseudomorphic to the ZnSe buffer l a y e r and
GaAs substrate and thus has the same parallel lattice
constant, a~. The modulation in the composition is
a l o n g the [100] direction with a modulation period of
~50 nm. A l o n g the [001] g r o w t h direction, the quater-
nary domains m a i n t a i n coherency with v a r y i n g tet-
ragonal distortion for the domains with different
composition. I n this fashion, the l a t t i c e in the
Znl_xMgxSySel_y film is distorted a l o n g the [101] and

Fig. 4 .Transmission electron microscopy (001) plan-view (a) (400)
and (b) ( 4 0 0 ) dark f ie ld images of a Zn~ xMgxS Se~ y film The same
Frank partial dislocation (marked by an arrowhead) is shown in both
f igures as reference. The contrast of surface buckling is reversed from
(a) t o (b).

[ 1011 directions in a semi-periodic manner.

Composition Modulation I n d u c e dSurface
Buckling o fTEM Specimens

F i g u r e 3 shows a (400) dark field image from a p l a n -
view sample of the q u a t e r n a r y film a f t e re t c h i n g the
GaAs substrate. In this figure, two k i n d s of c o n t r a s t
modulation a l o n g t h e [110] and [100] (but not [1 i 0 ] or
[010]) directions are observed. The period of the [110]
modulation contrast is of ~40 to 50 nm. The contrast
modulation a l o n g the [100] direction corresponds to
striation-like c o n t r a s t with modulation period of ~50
to 70 nm. When the s a m p l e is imaged u s i n g the [ 2 20]
reflection, t h e s e s t r i a t e d structures e x h i b i t speckle
c o n t r a s t w h i l e the [110] modulated s t r a i n contrast
disappears. This observation is similar to the fine-
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scale c o n t r a s t repor ted in In~_xGa ASyPl_y epitaxial
l ayers .12,1s,~7 T h e s e s t r i a ted s t ruc tu res are recognized
as t h e c o n t r a s t induced b y t h e composition modula-
t ion seen in Fig. l a a n d Fig . 3. It is important to note
t h a t no c o n t r a s t modula t ion was observed a long t h e
[010] direct ion u n d e r [040] two-beam condition in
TEM plan-view a n d cross-sectional images , while
s t r o n g c o n t r a s t modula t ion was observed a long t h e
[100] direct ion in t h e TEM cross-section images un-
d e r [400] two-beam condition (see Fig. la). T h u s , we
bel ieve t h a t only one-d imens iona l composition modu-
la t ion occurs in t h e Z nI xMgxSySe1 films•

The c o n t r a s t modulat{on a long[ i-~0] became weaker
u n d e r a [220] two-beam condition• T h u s , this c o n t r a s t
does n o t correspond to composition-modulation con-
t r a s t . Also, u n d e r (400) (Fig. 4a) a n d ( 4 00) (Fig. 4b)
two-beam conditions, t h e c o n t r a s t r eve r sed sign with
t h e c h a n g e in t h e sign o f gin dark field images , b u t did
n o t r e v e r s e sign in br ight field images . The c o n t r a s t
modula t ion a long t h e [ 110] direct ion was also a t t e n u -
a t ed in thin a rea s , a n d u n d e r [400] weak-beam a n d
[200] two-beam conditions. This kind o f diffract ion
c o n t r a s t effect has b e e n s t u d i e d in detai l17 a n d is
re la ted t o lat t ice p lane bend ing n e a r t h e sur face o ft h e
TEM specimen d u e t o s t r e s s relaxation. The c o n t r a s t
is induced by t h e relaxation o f t h e s h e a r stresses
which accompany t h e quasi-per iodic composition
modula t ion . A consequence o f spec imen bend ing is
t h e loca l c h a n g e in t h e dev ia t ions from t h e Bragg
condition t h a t in t roduce a n asymmetry in t h e dark-
field images .17 Besides, a compar i son o f t h e in tens i -
ties o ft h e (400) a n d (200) two-beam conditions shows
t h a t t h e in tens i ty o f t h e dark-field images is signifi-
cant ly w e a k e r u n d e r (200) t h a n (400) two-beam con-
ditions. 17 In thin a rea s , however , t h e stresses are not
h igh e n o u g h for buckl ing to occur•12.17 T h u s , t h e s t r e s s
relaxation of t h e TEM spec imens induces t h e [110]
modula ted strain contrast•

This one-d imens iona l strain c o n t r a s t is coupled
with t h e one-d imens iona l [100] composition modula-
t ion contrast• In InxGa I ASyP1 epitaxial l ayers ,12,16,17

• • - y

two-dlmensmnal sur face b u c k h n g a long t h e [ 100] a n d
[010] directions was associated with t h e two-dimen-
s iona l composition modula t ion a long t h e s e directions•
It has b e e n previous ly repor ted t h a t t h e b r e a k u p o f
t h e films in to domains with different composition
modula t ion di rec t ions causes per iodic ,localizedb e n d -
ing o f t h e planes a t t h e film sur face .12 T h u s , in o u r
c a s e , we bel ieve t h a t t h e deve lopment o f t h e one-
d imens ional buckl ing in t h e Zn~ xMgx S Se1 film

• . - . ~ - y

su r face is a resul t o f t h e s t r a t a relaxatmn m t h e thin
spec imen c a u s e d by t h e [100] one-d imens iona l com-
position modula t ion t h a t develops a t t h e growth sur -
face .

Composition Modulation and Microtwins in
Relaxed Znl_ M g SySel_y Layers

Figure 5a is a TEM (202) br ight field i m a g e from a
(010) cross-sectional Zn~_ Mg SySel_~ZnSe buffer/GaAs
he te ros t ruc tu re . The th i ckness o f t h e ZnSe buf fe r
layer is ~270,~ a n d t h e t o t a l th i ckness o f t h e quater -

nary film is ~2.1 pm. S i m i l a r to Fig . la , composition
modula t ion c o n t r a s t is observed a long t h e [ 100] di rec-
t ion in t h e Z n1 xMgxS Sel ~ film with a per iod o f - 5 0 to
70 nm. Areas where RHE-]~D s tud ies were carr ied o u t
are m a r k e d b y ar rowheads in Fig. 5. Microtwins
( labeled T ) are observed in t h e Z n1 M g S Se . film;

- X x l - y• ,Y

b u t contrary to Fig. la , no tweed c o n t r a s t is observed
in Fig . 5a even t h o u g h t h e growth conditions fo r t h e
quaternary layers were t h e same a n d only their
thicknesses are dif ferent . TEM (110),(110), (100),
a n d (010) diffract ion p a t t e r n s from t h e th icker films
did n o t show streaky diffract ion spots a long t h e [001]
growth direct ion which indicates t h a t t h e lat t ice in
t h e reg ions o f different composition is relaxed a n d no
local lat t ice d i s to r t ion o f a± exis t s . T h u s , t h e lat t ice
strain s t o r e d in t h e pseudomorphic quaternary films
(see Fig• 1) relaxes when t h e th i ckness o f t h e quater -
nary film is inc reased a b o v e cri t ical t h i cknes s . Since
no te t ragonal i ty o f t h e lat t ice exists in t h e relaxed
Z n 1 M g S Se1 layers , no tweed c o n t r a s t is observed
(see Fig .~5>). -y

Figure 5b is a TEM (004) dark field i m a g e from a
(110) cross-sectional sample with t o t a l film th ickness
o f ~2.1 pm. No c o n t r a s t for t h e composition modula-
t ion a n d no tweed-like strain c o n t r a s t was observed.
A g a i n , this resul t indicates t h a t there is no composi-
t ion modula t ion a long t h e [001] growth di rec t ion .
Also, i n s t ead o f t h e tweed c o n t r a s t observed in Fig . 1

b
Fig. 5. (a) Transmission electron microscopy (010) c r o s s section (202,)
and (b) TEM (110) c r o s s section (004) br ight f ie ld imaogeSof a ~200A
ZnSe cap layer/~2•1 t~m Zno.76Mgo.uSo.33Seo.~J270A ZnSe buffer/
GaAs sample. Microtwins ( labeledT ) areobserved in b o t h (a) and (b),
but composition modulation contrast is only observed in (a). The area
with RHEED study is marked by an arrowhead in (a) and the ZnSe/
GaAs interface is marked by arrowheads in (b).
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Fig. 6. High resolution TEM (110) cross-sectional image from the
ZnSe/GaAs interface of a sample with ~2 min Z n exposure on an As-
stabilized GaAs substrate. A s m o o t h 2-3 mono layer t h i c k band with
br ight contrast a long the ZnSe/GaAs interface is observed. The film
was grown by the layer-by-layer g r o w t h mode from the initial stages of
g r o w t h and no defects were observed.

for the q u a t e r n a r y layers with film thickness of~0.72
~m (see Fig. 1), t h e r e are microtwins with a typical
thickness o f - 2 - 8 {111} planes t h a t form to r e l a x the
m i s f i t strain. These microtwins are probably formed
by the successive nucleation and g l i d i n g of p a r t i a l
dislocations from the film surface to the interface on
adjacent (111) p l a n e s as evidenced by R H E E D . Most
of the microtwins end a t the Zn~ xMgxS Sel y/ZnSe
interface as observed from the TEM (004) images
obtained from (110), ( 1 1 0 ) , (100), and (010) cross-
sectional samples with t o t a l film thickness o f - 2 . 1
~m.

M i s f i t S t r a i n I n d u c e d T w e e d - T w i n
T r a n s f o r m a t i o n

Our i n - s i t u R H E E D studies, showed t h a t the sur-
face of the film s t a r t s to become r o u g h when the film
thickness is - 0 . 8 - 1 pm. Our TEM (100)-type or ( l l 0 ) -
type cross-sectional images, showed t h a t the surface
of the ZnSe c a p l a y e r is r o u g h in the relaxed 2.1 pm
t h i c k film w h i l e it is flat for the pseudomorphic 0.72
pm t h i c k film. The formation of microtwins probably
contributes to the surface roughness of the relaxed
Zn~_xMgxS Sel_y film. T h u s , as evidenced from the
R H E E D studies, the critical thickness for the b r e a k
up of coherency in the Zn~ xMgxSySel ~ZnSe buffer/
GaAs heterostructure is - 0 _ 8 - 1 pm for-0.24 < x < 0.28
and 0.26 < y < 0.33.

For epitaxial semiconductor heterostructures with
low lattice mismatch, the generation of misfit disloca-
t i o n s is the u s u a l mechanism for s t r a i n relaxation.
Details on the s t r a i n relaxation mechanism via the
dissociation of F r a n k p a r t i a l dislocations have been
proposed for N-doped ZnSe/GaAs.~8 However, the for-
m a t i o n of microtwins could also participate in the
relaxation of the lattice mismatch. ~9,2° These defects
for m i s f i t accommodation are normally observed in
systems with large lattice mismatch like SiC on Si. In
our relaxed Z nI MgxSyS % y samples, we observed a
d e n s i t y ofmicrotwins of~ 1 ~ 108/cm2m o s t l y in the Zn!_
xMgS Sel ~ layer and ending a t the Z n1 M g S Sel_ j
ZnSe inte-~ace. From (110) and ( 1 10) cross-section~il
images from this sample, we observed t h a t t h e s e

microtwins are b o u n d e d by Shockley p a r t i a l dis-
locations with a typical thickness o f - 2 - 8{111} planes
as s h o w n in Fig. 5b. The s p a c i n g b e t w e e n the
microtwinsontheZn l xMgxS Sel JZnSeinterfacevar-
ies in the r a n g e 0.05-to 0.1 ~m_YAlso, from H R T E M
images from this sample, a pure edge dislocation
formed when two microtwins l y i n g on two different
{111} planes met a t the Z nI xMgxS Sel J Z n S e i n t e r -. - - y - y _ .

f ace . Both Shockley partials and pure edge-type dis-
locations have edge component o n / o r parallel to the
film/substrate interface. T h u s , the microtwins e n d i n g
a t the Znl MgxS SeI / Z n S e interface probably relax

• - • Y - - y

the m i s f i t s t r a t a between t h e s e two layers. F u r t h e r -
more, the x - r a y spectra from this s a m p l e showed that
the q u a t e r n a r y film is relaxed with a (004) peak a t
- 6 4 0 arc s from the GaAs peak and the v a l u e of
FWHM from this peak is ~200 arc s. This r e s u l t
indicates t h a t the q u a t e r n a y film is relaxed with a n
average lattice c o n s t a n ta± = a II ~5.68A and the lattice
mismatch between the Zn~_xMgxS Sel_~ film and the
GaAs substrate is -0.46%. A s s u m i n g t h a t the m i s f i t
s t r a i n between film and s u b s t r a t e is completely re-
l a x e d by microtwins b o u n d by e i t h e r 1/6(ll2)-type
Shockley partials or 1/2(ll0}-type pure edge disloca-
t i o n s on the Znl_xMgxSySe~_JZnSe interface, the spac-
ing between them s h o u l d b e - 0 . 0 5 to 0.09 pm in
agreement with our results (see Fig. 5). T h u s , we
b e l i e v e t h a t t h e m i s f i t s t r a i n b e t w e e n t h e
Z n 1 Mg~S Se~ yand the ZnSe layers is relaxed by the

- . Y - . .

generation of mmrotwms when the t h m k n e s s of the
Z n I xMgxS Sel_~ films is > 0 . 8 - 1 pm.

As mentioned above,t w e e d structures in the pseudo-
morphic q u a t e r n a r y films with composition modula-
tion are induced by the lattice m i s f i ts t r a i n associated
with the difference in covalent r a d i i between Z n and
Mg, and S and Se. Lattice tetragonality with local
distortion s h o u l d be m a i n t a i n e d in o r d e r to produce
t w e e d s t r a i n contrast• On the o t h e r h a n d , when the
film is relaxed, t h e r e is no tetragonality and the t w e e d
structures disappear as seen in Fig. 5. T h u s , it is c lear
that t h e r e is a tweed-twin transformation induced by
the relaxation of the lattice m i s f i t s t r a i n d u r i n g the
g r o w t h of Znl_xMgxSyS%_y/ZnSe buffer/GaAs hetero-
structures.

Q u a l i t y C o n t r o l o f t h e Z n S e / G a A s I n t e r f a c e

A n o t h e ri m p o r t a n t consideration for the application
of t h e s e materials w h i c h influences the performance
of devices fabricated with them is the q u a l i t y of the
films. The lifetime of the l i g h t e m i t t i n g diodes fabri-
ca ted with t h e s e heterostructures depends greatly on
the q u a l i t y of the ZnSe-based/GaAs heterostructure.
Defects, such as stacking f a u l t s and m i s f i t disloca-
t i o n s c a n ac t as nonradiative recombination centers
or sources for the formation of degradation defects in
the active layers. ~° The lifetime of a device is limited
from a few h o u r s to a few days. T h u s , the d e n s i t y of
stacking f a u l t s n e e d s to be decreased to increase the
lifetime of the device. In our case , only F r a n k p a r t i a l
dislocations originating a t the interface between the
2D g r o w n ZnSe b u f f e r on As-terminated GaAs sub-
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s t r a t e s were observed. The d e n s i t y of Frank-type
defects v a r i e d in the r a n g e from 5 × 104/cm2 to 5 × 10Y
cm2 for films g r o w n u n d e r similar conditions. How-
ever, no m i s f i t or Shockley p a r t i a l dislocations were
o b s e r v e d i n any of the s a m p l e s a t e i t h e r the
Znl_ MgxSySelJZnSe or ZnSe/GaAs interfaces. In con-
t r a s t to the case of N-doped ZnSe/GaAs,~sno dissocia-
tion of the Frank-type p a r t i a l dislocations to relax the
lattice mismatch was observed in the composition
modulated layers with film thicknesses of 0.72-2.1
pm. These r e s u l t s indicate t h a t all the layers in the
f i l m s were e i t h e r pseudomorphic (~0.72 ~m) to the
GaAs s u b s t r a t e or relaxed by microtwins (2.1 ~m).

From the TEM dark field images, Frank-type par-
t i a l s were observed in a r e a s with r o u g h ZnSe/GaAs
interface. These samples had a stacking f a u l t d e n s i t y
of - 5 × 10Ycm2. It is i m p o r t a n t to note t h a t t h e s e
Frank-type p a r t i a l s form due to the roughness of the
ZnSe/GaAs interface w h i l e the microtwins form to
r e l a x the s t r a i n in the q u a t e r n a r y l a y e r and do not
t e r m i n a t e a t the ZnSe/GaAs interface but r a t h e r a t
the Znl MgxS S e ~ / Z n S e interface. A r e c e n t s t u d y of
the GaAs suriYace~-~'shows t h a t a n As-rich GaAs sur-
face is inherently r o u g h . A r o u g h surface has a l o w e r
surface energy compared to a flat surface. Thermody-
namically, a n As-rich surface c a n n o t e x i s t as a com-
plete As monolayer, but it c a n in a reconstructed
surface in e i t h e r the missing-dimer or multi-layer
structure. 2~ T h u s , a n As-rich GaAs surface c a n give
rise to films with r o u g h interfaces. The surface rough-
ness may trap p o i n t defects and contribute to a den-
sity of F r a n k partials o f - 5 × 10Ycm2.

On the o t h e r h a n d , a H R T E M i m a g e of a smooth
ZnSe/GaAs interface is s h o w n in Fig. 6 for a sample
with ZnSe buffer l a y e rg r o w n on As-stabilized GaAs
substrate. P r i o r to the g r o w t h of this film, the As-
stabilized GaAs substrate surface was exposed to a Z n
atmosphere for approximately 2 min. The Z n expo-
sure produced a s m o o t h and continuous b r i g h t band
of - 2 - 3 interfacial layers a l o n g the coherent i n t e r -
face . Besides, the density of the Frank-type partials in
this sample was less than - 5 × 10t/cm2. No Shockley
p a r t i a l dislocations were observed in t h e s e samples
probably because they were g r o w n by 2D growth. 22 In
the p r e s e n t s t u d y , the f i l m s of h i g h e s t q u a l i t y were
obtained when a flat surface was maintained by As
stabilization of the GaAs surface followed by 2 min
exposure to Z n to form a s m o o t h ZnSe/GaAs interface.

C O N C L U S I O N S

We observed a one-dimensional composition m o d u -
l a t i o n a l o n g the [100] direction w h i c h develops on the
g r o w i n g surface of the Zm Mg S Se. films (0.24 < x
< 0.28 and 0.26 < y < to 0.33) in 5Yotl~-~seudomorphic
and relaxed films. The composition modulation i n d i -
cates t h a t the solid solution ofZn~ MgxS Se~ films is
not stable for these values ofcompositionJ3 ForYpseudo -
morphic q u a t e r n a r y layers with film thickness below
~ 0 . 8 - 1 ~m, t w e e ds t r a i n contrast was observed in this
l a y e r originating a t the Zn~ xMgxS S e ~ / Z n S e i n t e r -
face in addition to the compositionYmo~ulation. The

o r i g i n of the t w e e d s t r u c t u r e is explained by a local-
ized distortion of the lattice a l o n g the g r o w t h direc-
t i o n , i.e., a variation in tetragonality for the d o m a i n s
with different composition. The l a r g e r tetrahedral
r a d i i of Mg and S compared to t h o s e of Z n and Se give
rise to distortions of the lattice a l o n g the g r o w t h
direction in regions of different composition in the
Z n 1 xMgxS Sel y films. A schematic d i a g r a m of the
modulated str~cture associated with the t w e e ds t r a i n
contrast was suggested. On the o t h e rh a n d , the t w e e d
strain contrast disappeared in relaxed Znl MgxS Se1 y/
ZnSe buffer/GaAs heterostructures with thickness
above 1 pm. However, i n t h e s e samples microtwins
formed to r e l a x the lattice misfit s t r a i n in the quater-
nary layers. These microtwins produce roughnesses
of the film surface as evidenced by TEM and R H E E D .
I n - s i t u R H E E D studies suggested that the critical
thickness for the lattice s t r a i n relaxation (tweed-twin
transformation) in Zn~_xMgxSySe~_JZnSe buffer/GaAs
heterostructure is - 0 . 8 - 1 ~tm. Very high q u a l i t yfilms
were obtained by exposing the As-stabilized GaAs
surface to Z n for - 2 min p r i o r to the g r o w t h of the
films. These f i l m s had no m i s f i t dislocations or
Shockley p a r t i a l dislocations. They only contained
F r a n k p a r t i a l dislocations with a d e n s i t yl o w e r than
5 × 104/cm2.
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