Incoherent interface of InAs grown directly on GaP(001)

J. C. P. Chang,? T. P. Chin, and J. M. Woodall
School of Electrical and Computer Engineering and the MRSEC for Technology-Enabling Heterostructure
Materials, Purdue University, West Lafayette, Indiana 47907-1285

(Received 16 April 1996; accepted for publication 4 June 1996

We report molecular beam epitaxial growth of InAs on G¥R), which has the largest lattice
mismatch (11%) among all the arsenides and phosphides. Reflection high-energy electron
diffraction and high-resolution transmission electron microscopy were used to optimize the growth
and characterize the epilayer. It is found that the growth mode can be controlled by the surface V/III
ratio: three-dimensional and two-dimensional layer-by-layer growths under As-stable and In-stable
conditions, respectively. In both cases, a regular network of pure edg€99pemisfit dislocations

with a spacing of 4 nm was formed directly at the heterointerface, which corresponds to 85% of
degree of strain relaxation. The epilayers grown under In-stable conditions have relatively smooth
surfaces with low threading dislocation densities. This is owing to the fact that the interface misfit
dislocations were exclusively of the edge-type which have no threading component and which
relieve strain most effectively. The results demonstrate the ability to control the growth mode as
well as the misfit dislocation nucleation type. ®96 American Institute of Physics.
[S0003-695(96)05033-4

Recently there has been an increased interest in conand Fuoss’'s work on GaSb/GaAs suggested that pure edge-
pound semiconductor device structures made of materialtype dislocations could be created and thus a highly relaxed
which are not lattice matched to commonly available sub-epilayer is produced: In this letter we have chosen to ex-
strate materials. As a result, much effort was devoted towardmine this effect using the largest possible mismatch avail-
developing epigrowth techniques for minimizing the propa-able in our molecular beam epitax{MBE) system: the
gation of dislocations, required for strain relief in mis- growth of InAs on Gakd01) with a 11% mismatch.
matched systems, into the epilayers used for the active de- InAs epilayers of 25 nm thickness were grown by solid-
vices. This effort has produced a variety of specificsource MBE on(001)-oriented GaP substrates. The growth
techniques, including linearly graded or step gradet’ of phosphides was achieved by a valved-phosphorus
procedures. In both procedures, the gliding of &®fixed) crackert? Reflection high-energy electron diffraction
misfit dislocations is the dominant strain relaxation (RHEED) was used to monitor the surface morphology as
mechanisnt:® However, there are two major disadvantagesWell as the growth rate and surface V/Ill ratio. The quality of
First, these techniques produce a rough “cross-hatch” patthe GaP buffer layer is critical to the growth of InAs as
terned surface which is not suitable for devices with submiindicated by RHEED and transmission electron microscopy
cron features’” Such cross-hatch patterns are speculated t6T EM) observations. Surface oxide was desorbed at 660 °C.

be associated with the 60° dislocation which could produce £2P buffer layers were grown at 600 °C. A stredRy<4)
step on the surface due to its out-of-plane Burgers véctor RHEED pattern was observed during the growth of the 200-
Second, these techniques are generally not suitable for sy8M-thick GaP buffer layer. The growth rate for InAs is 0.7
tems with lattice mismatch greater than 3% as the buffefonolayers(ML) per second. The growth parameters for
layer thickness also increases proportionally. InAs, i.e., temperatures and V/III ratios, were varied over a

Direct growth has also been investigated for systemé"’ide range to optimize growth conditions. The V/III ratio

with various amounts of lattice mismatches. It is found thalhere’ different from the beam flux ratio, is defined as the

for the systems with moderated lattice mismatch such glfcorporation ratio of group-V and -lll constituents. It is

GaAs/Si, the coexistence of both 60° and pure edge_,[yp@easured by the RHEED intensity oscillation induced by In

o micfit i ; ; : : d As on a separate InAs surface. Our optimized growth
(90°) misfit dislocations is observét. The resulting epilay- an ) o ) R
ers usually have high densities of bulk defects larger thaicmperature is 350 °C. At higher temperatups0-500 °C,

1012 cm 2. It is recognized that these bulk defects, includingmten‘amal reaction between InAs and GaP appeared to occur

. : ) . S as protrusions highlighted with moireinges were seen in
stacking faults and threading dislocations, originate fromthe GaP buffer laver at the heterointerface. No 90° disloca-
sources such as 60° misfit dislocatiérfanVhile 90° disloca- y '

tions can relieve strain most effectively at the interface with—tions were observed at the heterointerface and the reslting
y layers were highly defective. Similar results have been re-

out any threading component, 60° misfit dislocations areporteol in the InAs/GaAs systeH.

highly active sources for the generation of threading disloca- Here we report two sets of heterostructures grown at
tions. Therefore, it is desirable to have a heterointerface witl':;’50 °C under different V/IIl ratios. The InAs epilayer of the
primarily 90° dislocations. It has been observed that eXFirst sample(sample A and the second samplsample B
tremely large mismatches favor the nucleation of 90° disloyye e grown under As-stable and In-stable conditions, respec-
cations. For example, Otsulet al. investigated the CdTe/ 6|y “The RHEED patterns of sample A become spotty im-
GaAs system with a 14% mismatchin addition, Bourret mediately, indicating three-dimensioné@D) growth, after

the deposition of 2 ML and remains so until the end of the
dElectronic mail: changj@ecn.purdue.edu growth [Figs. Xa) and Xb)]. The As/In beam flux ratio
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dicative of island growth.

used for sample A was 10. For sample B, the growth mode
was two-dimensional2D) throughout the entire growth of

InAs as the RHEED patterns taken after 2 ML and 25 anIG. 3. (011) cross-sectionala) bright field and(b) HRTEM images of a
25-nm-thick InAs epilayer grown on GaP under As-stable conditions show-

depo§itions are streaky as shown in Flg@) and 2b), re- ing 3D islanding and a regular array of 90° misfit dislocatigasowed
spectively. The Ag/In beam flux ratio in this case was 5. It right at the heterointerface. Stacking faults are observed at the joint of two
has been calibrated that the surface V/III incorporation ratidslands, indicating island coalescence.

under such beam fluxes is less than unity at 350 °C. This was

further verified by the fact that the RHEED patterns of served as shown in Fig(13. These 90° dislocations are not
sample B were In-stablétx2) during growth and changed formed by the reaction of two 60° dislocations. They are
into As-stable(2X4) several seconds after the growth wasproposed to be spontaneously generated at the interface
terminated. within the first two monolayers Direct incorporation of
Cross-sectional  transmission electron microscop¥sessile 90° dislocations into the edge of the growing island
(XTEM) was conducted on the samples along Hdtt0] and  has also been reported by LeGoustsal. on Ge islands/
[110] orientations. A JEM 2000 EX electron microscope sj(001) grown at low temperatur®. The resulting island are
equipped with an ultrahigh resolution pole piece was used &jimost fully relaxed.
an Operating VOItage of 200 kV. No Significant difference As expected from the Streaky RHEED patterns’ the
was found in the two perpendicul@t10 directions in terms  sample grown under In-stable conditions has a relatively
of dislocation structures and densities. Figuré® and 3b)  smooth surface without grooves or valleys under TEM ob-
are the brlght-fleld and high-reSO|Uti0n images of 25'nm-servati0ns as shown in F|g(a}, consistent with a |ayer_by_
thick InAs epilayers grown on G#B01 under As-stable |ayer 2D growth mode. The 25-nm-thick InAs epilayer ap-
conditions, respectively. The surface appears undulated Wit§ears clean with very few defects detected. No threading
amplitudes up to 40 nm, consistent with the observed spottyjsiocations were observed. A couple of stacking faults are
RHEED pattern. Clusters of stacking faults or threading dispresent in the interfacial region, but the density is relatively
locations that have reached the epilayer surface were olgy considering the mismatch is 11%. Figurgs)4and 4c)
served in the valleys. It is evident that island growth andgre g high resolution TEMHRTEM) image and a selected

subsequent coalescence had occurred. Unlike the InAgreq diffraction patter{SADP) taken from the InAs/GaP
island/GaAs*® interface where a mixture of 60° and 90°

dislocations were distributed in a wide band of 1 nm around
the interface, a series of 90° dislocations with an equal spac- (&
ing of 4 nm located directly at the heterointerface are ob-

FIG. 4. (011 XTEM micrographs of a 25-nm-thick InAs epilayer grown on
GaP under In-stable condition&@) a HRTEM image showing that the ep-
ilayer has a relatively smooth surface with very few defects detedea
HRTEM image revealing an incoherent interface with a series of 4 nm-
FIG. 2. RHEED patterns taken during the depositiofiad2 ML and (b) 25 spaced 90° misfit dislocatior{arrowed, (c) an electron diffraction pattern
nm of InAs on GaP under In-stable conditions. The streaky patterns aréaken from the interface area indicating a strain relaxed InAs epilayer in
indicative of planar growth. perfect epitaxial relationship with GaP.
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interface region, respectively. Both the HRTEM image andsurfaces. Furthermore, the 90° dislocations are energetically
the SADP show the formation of a single-phase zincblenddavorable since they are most effective at accommodating the
InAs epilayer in perfect epitaxial relationship with GaP. Thelattice mismatch. As a result, the InAs epilayer grown on
shapes of the diffraction spots are rounded without streaks;aP under In-stable conditions is almost fully relaxed with
indicating a good crystalline quality. The InAs epilayer is very little threading dislocations propagating to the surface.
strain-relaxed as its diffraction spots are separated from those The potential applications of this heterostructure are
of GaP. The actual degree of strain relaxation was measurddng wavelength detectors and lasers and small band gap
by HRTEM and plan-view TEM as shown later. HRTEM electronic devices. The GaP substrate has an advantage of
revealed an incoherent interface with equally spaced misfipeing transparent and a better thermal conductor than GaAs,
dislocations of pure edge type. No other phase or misoriinP, and InAs. It is also conceivable that this technique can
ented grains were found. Most dislocations can be clearlppe applied to other heterostructures with comparable lattice
identified as their images show highly localized cores, indi-mismatches, such as InGaSh/GaP. In our InAs/GaP sample
cating that dislocation lines are exactly normal to the imagegrown under In-stable conditions, the partially relaxed InAs
plane. Interfacial Burgers vector circuits around each defecepilayer has an in-plane lattice constant of 5.9673 A, corre-
give an apparent projected edge type displacement vector §ponding to the lattice constant of (kGa As or
1/2(110] or 1/7110] which are parallel to the interface. INggAlg As. The former, with a band gap energy of 0.5 eV,
Since the dislocation lines are perpendicular to the imagds Of great interest for optoelectric and electronic device
they are of the pure edge type. Furthermore, each dislocaticdPplications. Therefore, this strained 25-nm-thick InAs with
shown in Fig. 4b) has extra lattice fringes along both11}, @ low defect density could be used as a template or a
planes, having a symmetrical image with respect td €] “superstrate” for the growth of InGaAs/InAlAs heterostruc-
axis®® This further confirms that all the misfit dislocations tures with a high indium mole fraction. The growth and
are of the pure edge type. The average spacing between t/@brication of small bandgap devices based on
parallel misfit dislocations is approximately 4.0.1 nm, InggGa sAs/InAs/GaP are currently under investigation.

corresponding to 9.4% strain relaxation and 86%49.4%/ This work was partially supported by Materials Research
11.19% of degree of strain relaxation in the InAs epilayer Science and Engineering Center from the National Science
with respect to the substrate. Foundation No. DMR-9400415. The authors wish to thank

Atomic force microscopgAFM) and plan-view TEM N. Otsuka at Japan Advanced Institute of Science and Tech-

were performed to further support the aforementioned obsefology for comments on HRTEM. J.C.P.C. acknowledges D.
vations. AFM line traces of the samples grown under As-H. Tomich, N.'Y. Li, and C. W. Tu at University of Califor-
and In-stable conditions showing the surface peak-to-troughia, San Diego for the AFM measurements.
heights are in the range of 5-7 and 120-150 A, respectively, _

. . J. C. P. Chang, T. P. Chin, C. W. Tu, and K. L. Kavanagh, Appl. Phys.
Plan-view TEM images of the sample grown under In-stable | ."s5 500 (1993.
conditions exhibit cross-grating moifeinges, indicative of 2T, p. Chin, H. Q. Hou, C. W. Tu, J. C. P. Chang, and N. Otsuka, Appl.
strain relief as they are a pattern of interference fringes from3F’hys. Lett.64, 2001(1994.

; ; ; T. P. Chin and C. W. Tu, Appl. Phys. Le2, 2708(1993.

two ove_rlapped CryStals Wltfl different laftice ConStanFS' The“T. P. Chin, J. C. P. Chang, K. L. Kavanagh, C. W. Tu, P. D. Kirchner, and
{220 fringes taken ungieg—{zzo} two-beam condmons_ J. M. Woodall, Appl. Phys. Let62, 2369 (1993.
have a measured spacing of about 2.13 nm. The theoretic&E. A. Fitzgerald, Y. H. Xie, D. Monroe, P. J. Silverman, J. M. Kuo, A. R.
parallel moirefringe spacing is given by the expression, Kortan, F. A. Thiel, and B. E. Weir, J. Vac. Sci. Technol.1B, 1807

_ _ -1 ; - (1992.
D. |g'”AS g(?aASJ ) H?nce the predlcted parallgl moire 6J. C. P. Chang, J. Chen, J. M. Fernandez, H. H. Wieder, and K. L. Ka-
fringes spaqng(a;summg a fully relaxed InAs filinfor vanagh, Appl. Phys. Let60, 1129(1992.
{220 reflections is 1.93 nm. This corresponds to 88% of 7J. C. P. Chang, B. Kad, S. N. Nutt, and K. L. Kavanagh, Mater. Res. Soc.

degree of strain relaxation, consistent with the estimation by Symp. Proc312 107(1993. ,
HRTEM 8N. Otsuka, C. Choi, L. A. Kolodziejski, R. L. Gunshor, R. Fischer, C. K.

. Peng, H. MorkgeY. Nakamura, and S. Nagakura, J. Vac. Sci. Technol. B
Our results demonstrate the ability to control the growth 4 gos (1986,

mode as well as the misfit dislocation nucleation type in °C. Choi, Ph.D. Dissertation, Purdue University, 1988.
10 :
the InAs/GaP system. The control of surface morphology N- jilmgftthvlr'-LAUOvlJ-P'ﬁ KUdengv 236-850-((13333 Y.R.Lee, A. K. Ramdas,
. . . and N. Otsuka, Appl. Phys. Letb4, .
py the cation to anion flux ratio seen here ha}s been reported, 5 et and P. H. Fuoss, Appl. Phys. Leil, 1034(1992.
in InAs/GaAs system and the mechanism has beerer. p. chin, J. M. Woodall, J. C. P. Chang, W. L. Chen, G. O. Haddad, C.
investigated’~° It is proposed that In-stable surface im- 3Parks, and A. K. Ramdas, J. Vac. Sci. TechnolL® 750 (1995.
poses kinetic limitations to the migration of In adatoms and eroTA&thKaC%t;(lBégAj Joyce, X. Zhang, and D. W. Pashley, J. Cryst.
forces Iayer-by_—laygr nucleation, thus actl_ng as a virtual sursa, Trampert, E. Tourrieand K. H. Ploog, Appl. Phys. LetB6, 2265
factant. The significance of the sole existence of the 90° (1995.
dislocations in our system is that they are more beneficial to’E. Tournie O. Brandt, C. Giannini, K. H. Ploog, and M. Hohenstein, J.
; P: ; ; Cryst. Growth127, 765 (1993.
mismatched growth than the 60° dislocations which were, =™ Szt Ter(soff,aM. . Reuter, M. Hammar, and R. Tromp.
cc_)mmonly seen in graded-type mlsmatc_hed heterostructuresAWL Phys. Lett67, 2317(1995.
Since {0015} planes are not easy glide planes in thel’H. Munekata, L. L. Chang, S. C. Woronick, and Y. H. Kao, J. Cryst.
zinchlende structures, the 90° misfit dislocations whose Growth81, 237 (1987. , , _
Burgers vectors lie on thﬁ)Ol} plane are not expected to O. Brandt, K. Ploog, L. Tapfer, M. Hohenstein, R. Bierwolf, and F. Phil-
. o ) ) lipp, Phys. Rev. B45, 8443(1992).
move by glld'lng uqder normal condition. It is also unlllfely 19Cp.pw_ gnyder, B. G. Orr, and H. Munekata, Appl. Phys. L6@, 46
that these dislocations will propagate toward the epilayer (1993.

Appl. Phys. Lett., Vol. 69, No. 7, 12 August 1996 Chang, Chin, and Woodall 983



