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Lattice-matched Zn ,Cd,Se/inGa, _,As heterojunctions can be fabricated by molecular beam
epitaxy on GaAg01) 2 4 surfaces in a wide range of compositions provided that a suitable strain
relaxation profile is achieved within the ternary 11—V buffer layer. We focus here on the structural
properties of the resulting 11-VI/IlI-V heterostructures and discuss the distribution of native
defects, including misfit and threading dislocations, stacking faults, and surface corrugations.
© 1998 American Vacuum Socieffs0734-211X98)05304-9

[. INTRODUCTION beam epitaxy(MBE) on GaAs wafers. ZnSe, with a lattice
o . parametera,=5.6687 A/ exhibits a 0.27% in-plane mis-
Heterovalent heterostructures, i.e., junctions comprised ohatch with GaAs, but is lattice matched tg, j3dGa,0sAS,
semiconductors belonging to different familiesg., [I-VI/  sq several authors have attempted to achieve lattice-matched
=V or HI=V/IV ) have been attractlng Increasing atten“oninterfaces by incorporating éra4GEb QGA‘S buffer |ayers in
in recent years for both basic and applied reagdr@n the blue—green lasers ' '
fundamental side, the physics of these systems is in principle e propose Zp ,Cd,Selln_,GaAs heterojunctions as
qualitatively different from that of the more conventional 3 new prototype family of I1-VI/IlI-V heterovalent hetero-
isovalent heterostructurésideally abrupt heterovalent het- inctions that can be fabricated by MBE in lattice-matched
erojunctio4ns with polar orientation would be charged, anJform in a wide range of compositions on GaAs wafers, pro-
unstable’* Elimination of the resulting long-range electro- yided that a suitable strain-relaxation profile is achieved in
static field may occur through the formation of point defects the ternary 111V layers. We review here the conditions un-
which, in turn, may modify the band alignment. As far asder which lattice matching is achieved, and the nature and
applications are concerned, most materials currently beingpatial distribution of the dominant extended defects which
considered for optoelectronic devices in the short-gre found in the structure.
wavelength visible rangée.g., the wide-gap Il-VI materials  An additional motivation of our work is the goal of elimi-
or 1=V nitrides) are grown on heterovalent substrates, andhating strain from the active layer of current 1l-VI based
this emphasizes the importance of understanding and cojue—green lasers. Zn,Cd,Se alloys are widely utilized as
trolling the properties of heterovalent heterostructures. active layers in laser diodes grown on GaAs, and the large
Strain further Comp|icateS the issue, since the heterovalemésuiting Compressive strain appears to promote device
substrates are seldom lattice matched to the active epilayergegradatiort:*? Since high-quality 1pGa _ As wafers with
and strain affectsper se the electronic structure of the y=0.02 are not available because of homogeneity problems
heterojunctions;® and may lead to the formation of extended high=x bulk crystals, fabrication of §Ga _,As buffer lay-
as well as point defects? Substantial progress towards the ers with optimized concentration and strain relaxation profile
development of lattice-matched heterovalent heterostructuresh GaAs seems at present the only viable option. We present
has been made in the lI-VI/III-V area, In parallel with the here results for Zp_yCdySe/in(Gai_XAs heterostructures of

recent demonstration of blue—green coherent emft&s:  interest for both blugy=0 and 0.1% and blue—greeny(
cause of the lack of lI-VI substrates of suitable quality and g 25) emitters.

doping, most such lasers have been fabricated by molecular
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2335 Miiller et al.: Native extended defects in Zn ;_,Cd,Se/In,Ga; _,As 2335

from semi-insulating GaA®01) wafers, ~0.5-um-thick  TasLe |. Nominal parameters of i6a_As and Zn_,Cd,Se bulk alloys
GaAs buffer Iayers were initiaIIy grown at 600 °C. that would be lattice matched at room temperatureyfei0, 0.15, and 0.25.

. . Column 1: Lattice parameter; column 2: Cd content in the 1I-VI alloy;
InyGay —xAs epllayers 1_2_1"“m thick  were SUbsequentl_y column 3: direct band gap of the 11-VI alloy: column 4: In content in the
grown at 490-500 °C with [lI/V beam pressure ratios ii-v alloy; column 5: direct band gap of the Ill-V alloy; column 6: band
(BPRS9 in the 1/15-1/30 range, as determined from an iongap difference between lattice-matched II-VI and IlI-V alloys.

gauge positioned at the sample location. Typical growth rates

were between 1 and 1.8m/h. The indium content in the Zn-yCdSe nGa-yAs

alloy was calibratedn situ by means of XPS, anex situby 3o y Ee X Ec AEg

x-ray diffraction (XRD), photoluminescencéPL) spectros- A) (€v) (ev) (ev)

copy, or Rutherford backscattering spectroméRgS).*> 5.669 0 2.70 0.04 1.38 1.32
When required, graded composition@Gg, _,As layers in 5.730 0.15 2.55 0.19 1.22 1.33

which x was varied superlinearly with a parabolic composi- 5771 0.25 244 0.29 111 133

tion profile were designed, as described in Sec. I, and fab-
ricated by gradually increasing the indium cell temperature

during growth. The composition profile of the graded layers

was testeda posteriori by RBS and secondary ion mass tice matched at room temperature fo+=0, 0.15, and 0.25.
spectrometry. The lattice parameters of the ZnCd,Se alloys were ob-

On the resulting IgGa; —,As surface, Zp_,Cd,Se over- tained by linear interpolation between the lattice parameter
layers were deposited at 250—290 °C with a 1I/VI BPR of 10f ZnSe (Ref. 18 and that measured in epitaxial, relaxed
or 0.4. Under the growth conditions employed the layersCdSe epilayers grown with a zinc blende structure on
exhibited ac(2x2) (BPR=1) or (2x1) (BPR=0.4) sur- GaAs!® The lattice parameters of the,[Ba_,As alloys
face reconstruction, as determined by reflection high energwere also obtained through interpolation from literature
electron diffraction(RHEED). The cadmium concentration values®® The parallel decrease in the band gap with an in-
in the alloy was also calibratdd situ by XPS andex situby  creasing lattice parameter shown in Table | defines a series
RBS. of potentially lattice-matched heterojunctions in which the

The extended defect density for each sample was probdgaand gap difference remains virtually unchanged while be-
using plan-view and cross-sectional transmission electrogoming an increasing fraction of the band gap of each semi-
microscopy(TEM) micrographs. Thin foil samples were ob- conductor constituent. This should produce a substantial
tained by ion milling the structures at room temperature usmodulation of confinement effects in the heterostructure se-
ing 5 keV Ar* ions at an angle of incidence of 4° until ries.
perforation. Plan-view images obtained using a Philips Implementation of such lattice-matched heterostructures
EM430ST TEM operated at 300 keV allowed us to sampleon GaAs wafers requires that controlled relaxation is ob-
the overall heterostructure in sections as thick as® Ob-  tained within InGa _,As epilayers of a practical thickness
servations in thin regions of the plan-view thin foils allowed (1-2 um). For sufficiently low values ofx this can be
us to focus on the structural quality of the 1I-VI epilayer achieved using homogeneous composition layers. For ex-
alone, while thicker regions vyielded information on the ample, in Fig. 18) we show a cross-sectional TEM micro-
whole sequence of epilayers down to the IlI-V buffer/ graph of a ZnSe/yGa, _,As/GaAs heterostructure incorpo-
substrate interface. Cross-sectional micrographs were ré¢ating a 2um-thick ternary buffer layer with homogeneous
corded using either a JEOL 2000 FX TEM operated at 20@ompositionx=0.05. At the interface between the ternary
keV or a Philips EM430ST TEM operated at 300 keV. -V layer and GaAs, an important dislocation network can

The residual strain in the epilayers was determined eithelpe seen. However, these defects are confined near the inter-
through XRD using a double-crystal diffractoméfesr from  face, and no threading defects are observed within the
the measured channeling directions usiHg beams with an  In,Ga _,As ternary layer or the ZnSe overlayer. From plan-
energy of 2.0 or 4.0 MeVW*'>®Throughout this article the view studies we estimate an upper limit of less than 2
measured elastic deformation will be quantified in terms ofx< 10* cm™2 for the threading dislocatiofiTD) density in the
the diagonal components of the strain tenspande, .*’ [1-VI overlayer.

The surface morphology of the samples was examined When the mismatch between the 1I-VI/llI-V heterostruc-
using Nomarski optical microscopy and atomic force micros-ture and the GaAs substrate becomes too high, homogeneous
copy (AFM). The AFM images were obtained using a com-composition InGa, _,As layers become less suitable for the
mercial instrument operated in contact mode witfNgitips ~ purpose. In Fig. (b) we show a cross-sectional TEM micro-
on cantilevers with a spring constant of 0.06—0.12 N/m, andraph of a ZggCd, 155€/Iny 1dGa g/As/GaAs heterostruc-

typical scan rates in the 0.5—2.0 Hz range. ture incorporating a 300-nm-thick II-VI overlayer and-4.-
pm-thick, homogeneous compositionyGa, g/As layer.
[Il. RESULTS AND DISCUSSION Although the vast majority of the misfit dislocatiofIDs)

are at the InGa, _,As/GaAs interface, the larger dislocation

interaction, as compared to Figial, is seen to be accompa-
In Table | we summarize the nominal parameters ofnied by the emergence of a number of TDs, which affect

In,Ga ,As and Zn_,Cd,Se bulk alloys that would be lat- both the bulk of the ternary IlI-V layer and the II-VI over-

A. Dislocations

JVST B - Microelectronics and Nanometer Structures
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Fic. 1. (8 TEM micrograph of a ZnSe/ljpGa, osAS/GaAg001) hetero-
structure which includes a 100-nm-thick ZnSe epilayer andgan2thick,
homogeneous compositionylfGa, osAS layer. The cross-sectional image
was obtained in two-beam diffraction conditions near [th&] zone axis.
(b) Cross-sectional TEM micrograph of a £ZaCdysSe/ln 1Ga g

As/GaAs heterostructure incorporating a 300-nm-thick 11-VI overlayer and

a ~1-um-thick, homogeneous compositiony lGa, g;As layer. (c) Cross-
sectional TEM micrograph of a ZRrCd, 1s5e/InGa, _,As/GaAs hetero-
structure incorporating a 300-nm-thick 11-VI overlayer ane &-um-thick,
graded composition i&a, _,As layer in which the In concentration exhib-
ited a parabolic, superlinear profile froxs0 at the bottom to,=0.23 at
the top.

J. Vac. Sci. Technol. B, Vol. 16, No. 4, Jul/Aug 1998

layer. Dislocation interaction is known to enhance the nucle-
ation of additional dislocations since the already-present
threading segments are prevented from gliding further.

To reduce the number of TDs and to avoid the three-
dimensional3D) growth effects which hinder fabrication of
high-quality InGa _,As layers with higher In concentra-
tions on GaAs??223we employed IpGa,_,As epilayers in
which the In concentration was varied gradually frem 0
at the interface with the substrate to the deskedk, at the
surface, i.e., at the II-VI/IlI-V interface. As discussed
elsewheré®?* we selected a parabolic, superlinear concen-
tration profile:

t 2
P
wheret it the distance from the GaAs substrate ani$ the
total thickness of the IiGa _,As layer. The profile in Eq.

(1) was selected for its simplicity, relatively flat behavior in
the near-surface region, which makes it less sensitive than
other profiles to variations in composition and layer thick-
ness, and for its expected property of confining MDs away
from the surface while minimizing dislocation interactith.

The corresponding residual strain at the film surface in the
direction parallel to the interface, (Ref. 17 can be calcu-
lated from the following expression obtained through a semi-
empirical model of strain relaxatiof:?°

: @

X(t) =Xq

ay(InAs)

ay(GaAs ), 2

€=

9K\ 2 X,
4] T2

whereK=0.00370.0007 nm is an empirical constant, and
ay (InAs) and a, (GaAs are the equilibrium(unstrained
lattice parameters of the binary parent compounds. Based on
the predictions of Eq(2), the In concentratiorx, at the
surface of the graded layer must exceed the values iof
Table | to compensate for the partial character of the strain
relaxation within any layer of finite-size thickness. For ex-
ample, in order to obtain a surface lattice parantéttrat
matches that of a bulk 2zr:Cd,;sSe alloy using an
In,Ga, _,As graded layer withT=1100 nm, the surface
composition should bg,=0.245.

In Fig. 1(c) we show a cross-sectional TEM micrograph
of a Zn, gCd, 155e/InGa, _,As/GaAs heterostructure incor-
porating a 300-nm-thick 1I-VI overlayer and &1-um-
thick, graded composition }&a _,As layer in which the In
concentration exhibited a parabolic, superlinear profile of Eq.
(1) from x=0 at the bottom txy,=0.23 at the top. MDs are
seen to be distributed throughout a region approximately 500
nm wide, gradually relaxing most of the misfit within this
region, and leaving the remaining portion of the buffer unaf-
fected, in agreement with theoretical predictiéfig® Within
our experimental sensitivity, no TDs are observed.

The Zn_,Cd SeSe/lnGa_,As heterostructures dis-
cussed in what follows will include homogeneous composi-
tion ternary 1l1-V layers only fory=0, while samples with
y=0.15 and 0.25 will always be implemented using graded
composition IRGa, _,As layers with target structural param-
eters derived from Eqg1) and(2).
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TasLE Il. Experimental structural and compositional parameters of /8d,Se/InGa,_,As heterostructures
grown by MBE on GaA&01) substrates. The data in the first row=0) were obtained from XRD. The data

in the second and third rows were obtained from RBS and channeling studies. Column 1: Cd content in the
II-VI overlayer; column 2: in-plane strain within the 11-VI overlayer; column 3: In content in the near-surface
region of the IlI-V layer; column 4: in-plane residual strain in the near-surface region of the IlI-V layer;
column 5: type and thickness of the @g, _,As layer employed. Thé andg labels denote homogeneous and
graded composition layers, respectively.

Zn,_,Cd,Se InGa, _,As
€ € Type/thickness
y (%) Xo (%) (nm)
0 —0.014+0.007 0.0510.002 —0.097+0.016 h/2000
0.150+0.04 —0.29+0.04 0.214-0.004 —0.40+0.04 9/920
0.249+0.002 —0.14+0.04 0.340-0.004 —0.48+0.04 g/915

In Fig. 1 no MDs are observed within the experimentalln concentration over the value in Tablé5% as opposed to
sensitivity at any of the II-VI/llI-V interfaces, indicating 4%) compensates almost exactly for the partial character of
that the II-VI overlayers grow pseudomorphically on thethe strain relaxation within the IlI-V layer. The resulting
-V layers. To quantify how close a lattice—match was expected critical thickness for the 11-VI overlayer exceeds
routinely achieved, we list in Table Il the structural param-300 um,** suggesting that for all practical purposes lattice
eters measured for three Zn,Cd,SeSe/lnGa, ,As hetero-  matching has been achieved.
structures withy=0, 0.15, and 0.25. To obtain structural  The strain in the 11-VI overlayer is somewhat larger for
information on both the 11-VI overlayer and the neaf'SUFfaceZno_85Cd0_l5Se/Ir;(GakxAs and Zn ,:Cdy ,:Se/lnGa _As
region of the graded composition [1I-V epilayer within the heterostructures, reflecting the larger deviations of the ter-
sameheterostructure, we followed a two-step growth pro-pary |11—V parameters from the design values in the graded-
cess. First, a graded IlI-V ternary epilayer was grown on &omposition layers. To put these results in perspective, two
suitable GaAs wafer and protected with an As cap layer. Th@gints should be notedi) Table Il was compiled using a
wafer was then removed from the MBE system and cleaved, hset of samples for which RBS studies were performed on
into_different sections. Some sections were used in RB$qh the 11—V and the 11—V layers, and are not necessarily
studies of composition and strain. Others were introduce ose for which the best lattice matching was achieved. For

again in the MBE system and used as substrates foéxample, on a total set of six Zn,Cd,Se/InGa_,As het-
Zn, -, Cd,Se growth after thermal removal of the As cap o ,sirctures withy=0.15—0.25, the minimum strain en-
layer. In view of the RBS sampling depth and the reIa‘uverCOuntered in the 1I—VI overlayer was0.06% and the maxi-

flat profile in the near-surface regigsee Eq(1)], the RBS- mum —0.29%. (i) The lattice matching achieved should be

Sgrq\s/eooml Yﬁéugjrg(cglgobrﬁ tg:ﬁin as experimental determina assessed vis-@s the applications envisioned. For example,
POSITIOR - . the mismatch between £rCd, ,sSe and GaAs is 2.0%, so
The structural parameters of the,@®g _,As layers in . oS .
. . ; . that a—2.0% strain exists in the active layer of any corre-
Table Il indicate that a substantial amount of residual strain . :
ponding blue—green laser fabricated on GaAs. If the same

is present in the IlI-V layers, as expected because of th to be fabricated on th di ded |
finite thickness of any practical ternary buffer layer. For the aS€" Were fo be fabricated on the corresponding graded fayer

graded composition layers, the experimental valuese,of in Table II, the strain would be decr.eased by a fagtor of 14.3.
(—0.40% and—0.48% are very similar to the theoretical " the absence of MDs and TDs in the 1=V epilayers, the
predictions (—0.42% and —0.46%, respectively obtained main type of extended defect that remains is native stacking
from Eq.(2) using the experimental values x§ andT. The  faults on{11% planes. Several such defects are clearly ob-
implication is that the semi-empirical mod&f*25 does re- served in Fig. 1, giving rise to thg charactenstlc type of V-
markably well in predicting the strain relaxation in the shaped contrast in the cross-sectlor_lal image. Stacking faults
graded layers. The target valuesgf and T (i.e., those re- aré known to form at the II-VI/llI-V interface and to propa-
quired for lattice match to the [1-VI overlayeare achieved 9ate upward during growth alonfi1l} fault planes. Al-
within 5%—-10% through the growth procedure employedthough some isolated Frank stacking faults exist(bl)
with a trend toward lower thicknessésy up to 10% of the ~and(111) fault planes, we have sho#/t®that the majority
targetT) and lower In concentrationd®y up 2%-5% of the Of such defects are Shockley stacking fault pairs(dhl)
targetx,) as compared to the optimum design values. and (111) fault planes, bounded by partial dislocations ex-
The structural parameters of the 11-VI overlayers in Tablehibiting Burgers_vectorg1/6)[121] and (1/6)[211] for the
Il indicate that they grow pseudomorphically on the 1ll-V former, and(1/6)[211] and (1/6)[121] for the latter.
epilayers, so that the strain present largely reflects the devia- A discussion of the stacking fault issue, together with a
tions of the ternary Ill-V parameters from the design valuesreview of the extensive recent literature on this subject, can
For the ZnSe/lgGa,_,As heterostructure, the low strain be found elsewher&.:?® Here we remind the reader that in
achieved €= —0.014%* 0.007%) indicates that the excess view of the presence of the partial dislocations bounding the

JVST B - Microelectronics and Nanometer Structures
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stacking faults, the 11-VI overlayers in Fig. 1 cannot be con-
sidered, strictly speaking, dislocation free. However, such
stacking faults do not contribute significantly to strain relax-
ation, and in any case their concentration can be reduced
below 1¢ cm 2 by controlling the interface nucleation
stage, either by acting on the Zn/Se BP®e-rich growth
conditions yield lower stacking fault densit#$3 or by pre-
dosing the surface with submonolayer coverages of°Zf.

B. Surface properties

Figure 2 shows the surface morphology of the three types
of Zn,_,Cd,Se/lInGa,_,As heterostructures examined in
this study as sampled by Nomarski optical microscopy.
Clearly visible in all three cases is a regular pattern of par-
allel lines on the surface with a separation of approximately
1 um. These striations run throughout the sample along the
[110] direction. Weaker lines are also visible in thEl0]
perpendicular surface direction, with lower density and
therefore larger spacing yielding a characteristic cross-
hatched pattern.

Nomarski optical micrographs of the corresponding IlI-V
buffer layers can be found elsewh¥&fé®and are not repro-
duced here for sake of brevity. The similarity of the cross-
hatched patterns from the 1I-VI overlayers and the IlI-V
substrates, and the fact that the striations are absent from the
surface of pseudomorphic ZnSe layers grown on GAAs
suggest that the surface morphology of the, ZyCd, Se
overlayers replicates that of the underlying®a, _,As ep-
ilayers.

Surface corrugations arranged to give a cross-hatched pat-
tern have been observed for both®a,_,As epilayerd!—33
as well for as Si_,Ge, epilayeré™3* during growth on
lattice-mismatched substrates when the critical thickness was
exceeded. In general, their origin has been phenomenologi-
cally related to the misfit dislocation network at the
epilayer—substrate interfadebased on their orientation, and
on the fact that they were not observed in layers which do
not contain substantial numbers of glissile misfit Fic. 2. () Surface morphology of a ZnSe/f@a, _,As(001) heterostructure
dislocationst grown on GaAs incorporating a 300-nm-thick [I-VI overlayer and ar@-

The similar orientation of the surface cross-hatched pattick InGaxAs layer with homogeneous compositia-0.043, as mea-
sured with a Nomarski optical microscopg) Surface morphology of a

tern and the MD dislocation network near the Zng g:Cdy 155€/InGa, _,As(001) heterostructure incorporating a 300-nm-

In,Ga, _,As/GaAs is illustrated by a comparison of the re- thick 11-VI overlayer and a~1-um-thick InGa_,As layer with a graded

sults of Fig. 2 with selected plan-view TEM micrographs in composition profile and surface compositiag=0.23.(c) Surface morphol-

Fi. . In Fig. 3o we show the MD nework observed n 2 587 ¥ & Shrafeliaand lersoioure, omans o

ZnSe/_Ir)(Gai,XAs(001) heterostructure inf:orporating a 300- graded composition profilg and surfacl:e composril;t@z(;é& ’

nm-thick 11-VI overlayer and a 2¢em-thick InGa _,As

layer with homogeneous compositiar= 0.043. Figure &)

depicts the corresponding MD network in a cause they lie at the intersection{dfL1} slip planes with the

Zng 7:Cdy »s5e/InGa, _,As(001) heterostructure incorporat- (001) heterointerface and are [110] and[110] directions.

ing a 300-nm-thick II-VI overlayer and a-1-um-thick  The apparent asymmetry in the contrast associated with the

In,Ga, _,As layer with graded composition profile and sur- network stems from the fact that along one of the two or-

face compositiorky=0.33. thogonal (110 directions, the dislocations are more uni-
In both micrographs, a relatively ordered, asymmetric netformly distributed, while in the other there is a marked ten-

work of misfit dislocations is observed. Most of the MDs aredency for periodic bunching. This was attributeéf to the

found to be mixed dislocations with Burgers vectors of thedifferent velocities of group Il and group V dislocations in

a/2(110 type, at 60° to the dislocation lifé3° The dislo-  the zinc blende structurg.

cation lines appear as straight lines in the micrographs be- The difference in the overall number of MD density be-
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Fic. 4. AFM line scans for the type of samples depicted in Figs. 1 and 2,
recorded in the direction perpendicular to the major surface corrugations,
i.e., the[110] direction.(a) ZnSe/InGa, _,As(001) heterostructure grown on
GaAs incorporating a 300-nm-thick [I-VI overlayer and guthick
In,Ga,_,As layer with homogeneous compositiox=0.043. (b)

Zng g:Cdy 155€/InGa, _,As(001) heterostructure incorporating a 300-nm-
thick 11-VI overlayer and a~1-um-thick InGa, _,As layer with a graded
composition  profile and surface compositionxy=0.23. (c)

Zng 7:Cdy »55€/InGa, -, As(001) heterostructure incorporating a 300-nm-
thick 11-VI overlayer and a~1-um-thick InGa, _,As layer with a graded
composition profile and surface compositigg= 0.33.

corporating a 300-nm-thick II-VI overlayer and au2a-
thick In,Ga _,As layer with homogeneous composition
=0.043. The amplitude of the corrugations is of the order of
3 nm, and the period larger thangdm. A more precise de-
termination of the period as an average over several line
scans from different regions of the same sample would yield
1.4+ 0.4 um.* The measured root mean squémas) rough-
ness of the surface is of the order of 1 nm.

Fic. 3. TEM plan-view micrographs of Zn,Cd,Se/InGa,_,As hetero- The line scan in Fig. &) was recorded from a
structures grown on GaAs, emphasizing the MD dislocation network neazn, 5Cd, ;:5€/InGa _,As(001) heterostructure incorporat-
the InGa _,As/GaAs interface(a) ZnSe/InGa _,As(001) heterostructure ing a 300-nm-thick I-VI overlayer and a-1-um-thick

incorporating a 300-nm-thick [I-VI overlayer and gu2n-thick InGa, _,As . " .
layer with homogeneous composition=0.043. (b) Zn-.Cch nSe/ In,Gg _,As layer with a graded composition profile and sur-

InGa_,As(001) heterostructure incorporating a 300-nm-thick 11-VI over- face compositionx,=0.23. The amplitude of the corruga-
layer and a~1-um-thick InGa _,As layer with a graded composition pro- tions is still of the order of 4—5 nm, but the period decreases

file and surface compositior, =0.33. to about 0.5um. Correspondingly, the rms roughness of the
surface is 1.70.4 nm?*® The line profile in Fig. 4c) was

) o ) ) obtained from a Zp,:Cdy,sSe/lnGa _,As(001) hetero-
tween Figs. 8) and 3b) is simply a manifestation of the strycture incorporating a 300-nm-thick 11-VI overlayer and a
different lattice mismatch with the GaAs wafer, which is ~1-um-thick InGa,_,As layer with a graded composition
0.27% for the sample in Fig(& and 2.0% for the sample in profile and surface compositiog,=0.33. The amplitude of
Fig. 3(b), yielding a 7.4-fold increase in the areal dislocation e corrugations is of the order of 10 nm, and the period
density. We emphasize, however, that while in the former0_3_0_5’um_ Correspondingly, the rms roughness of the sur-
case all of the dislocations are at the interface between thgce is of the order of 5 ni¥ Much higher values of surface
homogeneous composition ternary layer and the GaAs sulpughness are observed for heterostructures incorporating
strate[see the corresponding cross-sectional image in Figﬂomogeneous as opposed to graded compositigan ,As

1(@)], in the latter the larger number of MDs are distributed|ayers, despite the lower value of the In concentration at the
within a ~500-nm-thick region of the ternary layer due to gyrface of the ternary -V layéef:16

the graded concentration profile.

A more quantitative analysis of the surface corrugations
for the three heterostructures in Fig. 2 was performed b
AFM. In Fig. 4 we show line scans recorded in the direction
perpendicular to the main corrugations, i.e., along[th] In general, the formation of a MD network is explained
direction. The line profile in Fig. @) was obtained from a with one of two types of mechanisms. One mechafism
ZnSel/lnGa, _,As(001) heterostructure grown on GaAs in- assumes that a number of TDs derive from an imperfect sub-

. Relation between dislocations and surface
morphology
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strate or from surface inhomogeneities of the substrate. In thihe glide along 111 plane, a slip step at the surface is
presence of a misfit between the epilayer and substrate trgenerated, but since the Burgers vector remains the same, the
TD lines are bent by the stress field within the film. TD direction of the step&up or down also remains the same. So
segments confined at the interface would generate the necebe original random distribution of MDs originating from the
sary MDs. This is an efficient mechanism of strain relief DL mechanism, followed by MD multiplication to generate
which does not require the nucleation of new dislocationsbunches of MDs with the same Burgers vectors would ac-
However, since the UGa, _,As layers in the heterostructures count for the observed surface morphology through a purely
under consideration contain a negligible TD density, we sugplastic mechanism.
gest that the second type of mechanism is dominant in our The above picture readily explains the smoother surface
case. morphology of heterostructures incorporating a graded as op-
In this alternate picturé’*8dislocation loopgDLs) start-  posed to a homogeneous compositiogQa ,As layer,
ing at the surface of the growing film may expand by glidingsince in the graded layers the spacing of the dislocation lines
along a{111 plane and provide the MD as they reach thein the direction perpendicular to the interface is much larger
interface, together with a pair of TDs which are annihilatedthan in the homogeneous composition buffer, greatly reduc-
upon reaching the edge of the epilayer. This implies twond the importance of the MD multiplication mechanism.
consequencesi) Every MD at the interface would corre- Qualitatively, the reduc_ed dislocation interaction in the
spond to a monoatomic slip step on the epilayer surface. Thgraded buffer may explain why the roughness of the surface
direction of the stefarbitrary labeled up or downwould ~ depicted in Fig. &) is still of the same order of magnitude
depend on the glide plar@11L or {1—11}) and thus on the @S .that d.eplcted in Fig.(d) despite the threefold increase in
Burgers vector of the dislocation linda/2(101) or lattice mismatch.
a/2(011)); (ii) dislocations witha/2(101)-type Burgers vec-
tors contain a vertical component which produces a small tiltV. CONCLUSIONS

in the epilayer relative to the substrate. The existence of a We have determined growth protocols and design param-
small .ep"?yer tilt is well established in IlteratLﬁ%anq IS" eters for the implementation of lattice-matched heterovalent
especially important for fGa, _,As layers grown on misori- Zn,_,Cd,Se/inGa,_As heterostructures on Ga@€0) in
ented substraté‘Q.Bguer and cp-workers observe_d_both ,S“pthe composition range of interest for blue—green optoelec-
steps correlated to interface dislocations and a finite epilaygf i applications (8:y<0.3). Except for the smallest Cd
tilt in 3 recenlt scanning bt‘lrjgnelmg microscopy study of 54 1 concentrations explored, minimization of the thread-
straned EuTe layers on PbTe. ing dislocation density and surface roughness requires the

With such considerations in mind, we can explore a poSyse of graded composition Ili—V ternary layers. In all cases,

sible quantitative correlation between dislocation slip StePS$he In concentration within the 11—V ternary layer has to be

and surface corrugations. The average spacing between diggjected so that the partial character of strain relaxation is
location lines in our 1posGay.oss buffers was of the order  on5 riately compensated. Final strains at or below the
of 100 nm[112+7 nm for the sample in Fig. (@] Our (194 |evel for the 11-VI epilayers are routinely achieved by
AFM measurements yielded an average spacing of the majQfglecular beam epitaxy.

surface corrugations of approximately 1.5m [1.38 The resulting 11-VI epilayers are dislocation free, except
+0.4um for the sample in Fig. @]. This gives about 15 4 the partial Frank and Shockley dislocations bounding the
dislocations and slip steps per crossed-hatch period. Assungacking faults originating at the I=VI/IlI-V interface. The
ing a series of 7—8 “up” steps followed by 7-8 “down” g face morphology of the I1-VI overlayers is found to ex-
steps per period, and a monoatomic step height of 0.28 nnipit 5 crossed-hatch pattern of surface corrugations with am-
we estimate a height modulation of 2.1 nm, i.e., of the samelitudes in the 3—10 nm range and periods of 0.3-4 Its
order of magnitude as that observed in Figa)4* origin maybe purely plastic, and follow from the formation

The presence of series of up steps and down steps rathgf sjip steps at the surface during dislocation multiplication
than a random distribution is not predictadpriori by the 4t the epilayer—substrate interface.

DL mechanism. None of thfl11 gliding planes isa priori

preferred so that MDs witla/2(101) or a/2(011) Burgers
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