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We have used cross-sectional scanning tunneling micros¢apyl) to perform nanometer-scale
characterization of compositional structure and interfacial properties within Ga8h,/GaAs
double-quantum well structures. An algorithm has been devised based on analysis of strain effects
in STM data to obtain detailed, quantitative compositional profiles within alloy layers. Using this
and other analysis techniques, we have assessed the influence of group V anion soaks at each
heterojunction interface on interface roughness and abruptness. An As soak at the GaAs—on-—
GaAs _,Sh, interfaces reduces interface roughness but leads to a slight loss of abruptness at the
interface, while an As$ Sb soak at GaAs ,Sh—on—-GaAs interfaces improves abruptness while
leaving interface roughness largely unaffected. Significant compositional grading at the nanometer
scale is observed within the GaAsSh, layers. © 2002 American Institute of Physics.
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I. INTRODUCTION (MBE). In the GaAs_,Sh /GaAs heterostructures used in
our studies, a variety of the effects described above are ob-
importance for ootical fiber communications and data Iinkserved and investigated. Details concerning the experiments
P P and sample structure are described in Sec. II. High-resolution
systems. GaAs ,Sh.-based heterostructures grown on . : :
. : . .__cross-sectional STM images obtained from
GaAs substrates have shown increasing promise for verticalz .
. e . o aAs _,Sh /GaAs double quantum well samples with inter-
cavity surface-emitting lasers operating at L®: this ma- . o .
. . X : . faces grown under a variety of conditions are presented in
terial system is compatible with the well-established . .
o Sec. Ill. These images clearly show inhomogeneous compo-
AlAs/Al; _,GaAs distributed Bragg reflectors and aperture _... .
S 4 . S . ~sitional structures at the nanoscale in the GaASh, alloy
fabrication using oxidation of AlAs. The biaxial compressive | Interf fil df ™ i
strain in GaAs_,Sh, alloy layers coherent with GaAs sub- ayer. Inter ace protres extracte rom S Images | ustrate
X the effects of interface growth conditions on interface rough-

strates 'moqmes 'the.valence-bgnd_ftructure and fac"'t"’t[er?ess. Furthermore, a detailed analysis of strain effects on
population inversion in laser devicés®

However, for IlI-V alloys, compositional features such surface morphology and STM imaging is found to allow ex-

. . ) traction of quantitative information on the detailed composi-
as ordering, clustering, phase separation, and spontaneols , - ;
- . ional profiles within the GaAs_ ,Sh, alloy layer. Section IV
compositional modulation have been observed to occur, an .
S . . 14 concludes the article.
can significantly influence material properties? Interface
quality within IlI-V semiconductor heterostructures is also of

great importance for optimization of device performance: in-/l- EXPERIMENT

terface roughness and abruptness at the atomic scale will The GaAs_,Sh /GaAs double quantum well samples
directly influence carrier confinement, carrier mobility, and ysed in these studies were grown by MBE. Cracking effusion
photoresponse. To improve interfacial properties, e.g., t0 recells were used for As and Sb sources, such that the domi-
duce interface roughness, various protocols may be emsant incident group V species were Aand Sk. For each
ployed during the growth of heterojunction interfaces; hOW'sampIe, a 3000 A GaAs buffer layer was grown initially on
ever, these procedures may also affect other interfacgn n-type GaAs(001) substrate at 590 °C, followed by a
properties such as abruptness, compositional profiles, aﬁ@/o-period 280 A GaAs/70 A GaAs,Sh, quantum well
consequently, electronic and optical properties. structure grown at 475 °C. Heterojunction interfaces within
In this article, we describe cross-sectional scanning tunpne sample were treated with a group V soak: a 10 s As
neling microscopy(STM) studies of GaAs ,Sh/GaAs | sp soak for GaAs ,Sh—on—GaAs interfaces and a 90 s
quantum well structures grown by molecular-beam epitaxyas soak for GaAs—on—GaAs,Sh, interfaces; the other
sample was grown without the anion soaks but otherwise
under identical conditions. Figure 1 shows a schematic illus-

Optoelectronic devices operating at Jud are of great

aCurrent address: Qualcomm Inc., 5775 Morehouse Dr., San Diego

CA92121. tration of the sample structure and STM geometry employed
YElectronic mail: ety@ece.ucsd.edu in these studies.
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FIG. 1. Schematic illustration of the structure of GaAgSh, /GaAs double 12000 -9000  -6000  -3000 0 3000 6000
quantum well samples and STM geometry used in our studies. o (arcsec)

Figure 2 shows the x-ray diffractioftXRD) measure-
ments of our two samples, from which we deduce that the (b)

average Sb concentration within the GaAgSh, alloy lay- 107
ers in our GaAg_,Sh,/GaAs samples grown with and with- 106 17.0nm Gans,Sb, ./ 25.50m GaAs DQW
out group V soaks at the interfaces is 35% and 34%, respec without group V interface soak

tively. Figures 8a) and 3b) show the room-temperature 105
photoluminescencéPL) spectra of our two samples grown
with and without the group V interface soaks. The PL spectra
are centered at 1.25 and 1.26n, respectively, correspond-
ing to energies 0f~0.99-0.98 eV, and with full widths at
half maximum of ~80 meV. To investigate the detailed
nanometer-scale compositional and interfacial properties of 10

these samples, cross-sectional STM studies were performe:

104

intensity (a u)

on the(110) cross sections exposed bysitu cleaving in an ! il |

ultrahigh vacuum chamber with a base pressure~af o1 +——¥+———

x 10 * torr. Electrochemically etched W tips and commer- -12000  -5000  -6000  -3000 0 3000 6000

cially available Pt/Ir tips cleaneth situ by electron bom- 0 (arcsec)

bardment were used for these studies. FIG. 2. X-ray diffraction measurements and simulations for

GaAs _,Sh,/GaAs double quantum wells grow) with and (b) without

IIl. RESULTS AND DISCUSSION group V soaks. The Sb concentration is determined to be 35% and 34%,
’ respectively, within the GaAs,Sh, alloy layer in the GaAs ,Sh,/GaAs

A. Local compositional structure in GaAs 1-xSb, double quantum well heterostructures grown with and without group V soak

alloys at interfaces.

Figure 4a) shows a three-dimensional rendering of a
100 Ax 160 A filled-state(110 constant-current STM im- lead to a larger tip-sample separation while acquiring a
age containing one GaAs,Sh, alloy layer and two adjacent filled-state constant-current STM image, i.e., greater topo-
GaAs layers in the 70 A GaAs,Sh/280 A GaAs structure graphic height, in the GaAs,Sh, layer in a filled-state
grown with group V soaks at the heterojunction interfacesconstant-current STM image. Second, the compressive strain
obtained at a sample bias ef2.4 V and a tunneling current in the GaAs_,Sh, layers will lead to actual topographic
of 0.1 nA. The GaAs_,Sh, layer appears brightghhigher  variation on the cleaved surface—the compressively strained
topographically, while the GaAs layer appears darkewer ~ GaAs _,Sh, layers will protrude slightly on the exposed
topographically, with a typical topographic contrast of (110 cross section. Such morphological variations will also
~3.7-4 A between the two layers. The topographic contrastause the GaAs ,Sh, layer to appear higher and the GaAs
observed in the filled-state constant-current STM images bdayers to appear lower topographically. A numerical simula-
tween the GaAs ,Sh, and GaAs layers can arise from two tion we have performed of this effect indicates that the am-
sources? electronically induced contrast and surface modu-plitude of surface undulation on an expogéd0) surface of
lation of the expose110) cross section. First, a pseudomor- the 70 A GaAs_,Sh/280 A GaAs structure is-3.5 A for
phic GaAs_,Sh/GaAs quantum well grown on €01  x~0.35.
GaAs substrate has a significant valence-band offset, with In addition to the overall contrast between the
the valence-band-edge energy of the GaASh, alloy layer GaAs _,Sh, and GaAs layers, detailed nanometer-scale fea-
higher than that of the GaAs layer, but the conduction-bandures are clearly visible within the GaAs Sh, alloy layer.
offset is very smalt®~*®The valence-band alignment would These features arise due to local variations in electronic
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FIG. 3. Room-temperature photoluminescence spectra of the
GaAs _,Sh,/GaAs double quantum well heterostructures gra@nwith
and (b) without group V soak at interfaces.

structure, arising from corresponding fluctuations in compo-
sitional structure. Increasing the Sb concentration within a m GaAsSh(70A)

GaAs _,Sh, alloy layer pseudomorphically grown on a [o01] [110]

GaAs substrate will raise the GaAsSh, valence-band

edge, and will also increase the compressive strain within the

GaAs _,Sh, alloy layer, leading to greater surface protrusionFIG. 4. Three-dimensional rendering ¢ a 100 Ax160 A and (b) a

on the exposed110) cross section. Therefore, brighter fea- 100 AX140 A filled-state (1100 constant-current STM images of
’ GaAs _,Sh,/GaAs DQW structure grown with and without group V soaks

tures observed within the GE%,@S@ alloy layer m.a filled- at the heterojunction interfaces, respectively, obtained at a sample bias of
state constant-current STM image are unambiguously Sb2.4 v and a tunneling current of 0.1 nA. Arrows indicate major directions
rich, and darker features are As rich. Nanometer-scale Asand som&112 compositional features within the GaAsSh, alloy layer.

rich and Sb-rich regions with features preferentially oriented

along the[112] and[112] directions in the(110 plane in
the GaAs_,Sh, alloy layer are clearly visible in Fig.(4).  section of the GaAs ,Sh,/GaAs sample grown without any
Such features are indicative of As-rich and Sb-rich regionsnterface anion soaks.
with boundaries contained within (1) and (111) planes? Several possible sources of localized compositional
reminiscent of CuPt—B type ordering, the most frequentlyvariations in alloys have been studied and described previ-
observed type of ordering within zinc blende 1lI-V semicon- ously in the literature. One possible source of the observed
ductors. compositional variations is spinodal decomposition in the
Similar compositional structures within the GaAsSh,  GaAs _,Sh, alloy layer?® Due to the large lattice mismatch
alloy layers are also observed in cross-sectional STM images-7.8% between GaAs and GaSb, compositional variations
obtained from the sample grown without anion soaks at thevithin a pseudomorphic GaAs,Sh, alloy layer lead to ad-
heterojunction interfaces, as shown in Figh)4 a three- ditional elastic energy. For cubic crystals, when the elastic
dimensional rendering of a 1004140 A filled-state moduli satisfy Z,,— C;+C;,>0, the elastic energy asso-
constant-current STM image obtained at a sample bias dfiated with the periodic compositional wave of spinodal de-
—2.4V and a tunneling current of 0.1 nA from(#10) cross  composition would be minimized if the compositional varia-
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tion is oriented along th€l00) directions and maximized for  (s) Soaked Interfaces

periodicity along th€111) directions?! For our GaAs_,Sh, E Gas ' J1001)
alloy, we have Z,,—C;;+C1,>0; therefore, the composi- 5°AI§ GaAs,,Sb, E
tional features observed within the GgAsSh, alloy layers E GaAs 3
most likely do not correspond to pure spinodal decomposi- 0 s 100 150 Pos"i‘ggn (A)25° 80 350 400
tion within the bulk material. (b) Unsoaked Interfaces

Theoretical studies of compositional features within al- » Ggﬁk' ' 1 001)
loys have shown that growth kinetics can be a key factor in 50t GaAs,,Sb,— 3
determination of the compositional structures that form for 3 GaAs 3
nonequilibrium growth techniques such as MBE. Composi- 0 s 100 150 200 250 300 350 400

tional structures that correspond to lower Gibbs free energy, ., gaas.on-cass..sb Positon (A
1-X' X

and processes that reduce the total Gibbs free energy of th
material system, will be favored. Theoretical models of or- 10 ° . Spectrum of
. . . .o * Unsoaked Interface
dering in lll-V alloys have suggested that alloy ordering can 1t o o Specmmor
arise from strain-induced order in surface reconstructions ~ AP
present during growth that is subsequently incorporated into 0 R e
the structure of the epitaxially grown allé§.2* This phe- < IR RS
nomenon gives rise to near-surface ordered structure, sinc 001 R A ...;x}
an ordered structure beneath the reconstructed growth sui 0.001 - e "“’ °°'j
face yields a lower Gibbs free energy than a random alloy, . 4
even though the Gibbs free energy of the ordered structure i °-°°°10 02 o4 28 o8 10
generally higher than that of the random alloy in btiK.he " Wave Vector ¢ (1/) '
resulting ordered structure can then be retained as additioné(d) GaAs, ,Sb,-on-GaAs
material is grown. 10855
Strain is also a significant factor that affects growth ki- . * Unsomleed mtonace
netics when there is a significant lattice mismatch between LN © Soaked piorace | ]
the binary components of a Ill-V alloy, and can arise from % oil _' josge:
both local compositional variations and lattice mismatch < AR L
with the substrat®®=22In such cases, there exist elastic in- = oot °.'°:°:; LS S R
teractions among regions of differing composition and be- Lo A f"’~°=‘:°,”o°j;°°:'°
tween these regions and the substrate, resulting in additione 0.001 i O
elastic energy associated with such compositional 0.0001 i
features®>~28Such elastic energy can constitute a significant 0 02 04 06 08 10
component of the total Gibbs free energy and the tendency tc ‘ Wave Vector ¢ (1/4)

reduce the total Gibbs free energy can Slgnlflcantly affect thie:IG. 5. Interface profiles extracted fro(m10) cross-sectional STM images

growth kinetics, resulting in local variations in compositional ypained from GaAs ,Sh,/GaAs DQW samples growte) with and (b)
structure of llI-V aIons?S‘ZBTheoretical studies have shown without group V soak at heterojunction interfaces, respectively. Interface

that infinite-range elastic interactions play a very importantpower spectra for GaAs—on—-GaAsSh, and GaAg_,Sh—on—-GaAs in-
role in the formation and evolution of compositional struc- €"faces. treated with group V soak and untreated, are shovg) and(d).
tures and often result in nanometer-scale compositional fea-
tures corresponding to a mixture of an ordered structure and

disordered phase separation, which usually possess diagonal on interface anion soaks. GaAs—on—GaASh, and

preferential orientation - in cubic  compound Gaag  Sh—on-GaAs interface profiles were extracted, us-
semiconductors: - o ing image-processing techniques described previdisly,
The compositional structures we observe within theg. GaAs_,Sh /GaAs samples grown with and without
GaAs -,Sh, alloy layers in Figs. ¢&) and 4b), with prefer-  jnserface anion soaks, as shown in Fig)%nd 5b). Dis-
ential orientations along thel 12] and[112] diagonal di-  crete Fourier transforms were performed on these interfaces,
rections in the exposed 10 cross-sectional plane, are con- yielding the power spectra shown in Figgchand 5d).
sistent with the theoretical models suggested above for The effects of interface roughness, e.g., carrier mobility
compositional ordering induced by surface reconstructionyeduction by interface roughness scattering or broadening of
and with models of nanometer-scale compositional featurep|_ |inewidths, are typically determined by Fourier compo-
formed under the influence of elastic interaction among renents of interface roughness at wavelengths comparable to
gions of differing composition and between these regiongarameters such as the Fermi wavelen@ohn carrier trans-
and the substrate. port) or the exciton radiugfor luminescence and hence are
dominated by low-frequency spectral componéfithere-
fore, the influence of interface roughness can be assessed by
considering the magnitudes of Fourier components as a func-
High-resolution STM images also allow detailed analy-tion of wave vector, particularly in low-frequency range. Ex-
sis of interface roughne$3,and its dependence in our stud- amining the power spectra shown in Fidck it is apparent

B. Heterojunction interface roughness
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that for wave vectors below0.2 A%, the Fourier amplitude SSTM X
for roughness of the GaAs—on—GgAgSh, interface in the ystem
GaAs _,Sh /GaAs sample grown with group V interface
soaks(denoted by open circlgss several times smaller than
that of the GaAs—on—Ga#As,Sh, interface in the sample
grown without interface soak&lenoted by solid circlgs

Therefore, within the (1100 plane, the anion soaked Crystal y
System W

GaAs-on-GaAgs_,Sh, interface is much smoother than the x5 x N
GaAs-on-GaAs ,Sh, interface grown without interface Surface
soak. While in Fig. &), the Fourier spectra of the anion @ Morphology

soaked GaAs ,Sh,—on—GaAs interface@enoted by open
circles and those of the unsoaked GaAsgSh,—on—GaAs 5
interfaces(denoted by solid circlgsare mixed throughout (8,9)
the wave-vector range from 0 to 17A therefore, for the

GaAs_,Sh,—on-GaAs interfaces, the anion soaks do not syaem X'
appear to yield any significant reduction in interface rough-

Surface
Morphology

e Crystal
ness within thg110) plane. System y £— i \
b

C. Analysis of atomic bilayer spacing in STM images ©)

Continuum elasticity theory has been shown to be valid
at dimensions as small as one atomic layer in -V / Dangling Bond
compoundst—>3and may therefore be used to analyze high-
resolution STM images to obtain detailed information con- ® Group V Atom

cerning the nanometer-scale compositional structure within
aIon Iayers, interface properties, and the effects of treatF!G- 6. (a) Schematic illustration of the STM coordinate system, crystal

. . . . coordinate system, and the coordinates of two adjacent dangling bonds and
ments _SUCh as anion soaks on composmonal and. mterfac'?rfeir corresponding surface group V atoms within the two coordinate sys-
properties. To apply such an analysis to cross-sectional STMm. (b) Schematic illustration of the crystal coordinate system, local coor-
imagesl however, it is necessary to analyze in detail the ef;li_nate system bound with a surface group V atom, and its associated dan-
fect of local strain, strain relaxation, STM tip convolution, 9/ing bond.

and possible dangling-bond reorientation on the relaxed ex-

posed cross section on atomic-scale STM co.ntrast. _ where, is the angle between theaxis of the STM coor-
In filled-state constant-current cross-sectional STM im-q. . system and the line segme®B connecting two ad-
ages, local maxima in STM contrast correspond to IocasFacent local maxima in the density of filled states, the

maxima in the Fiensny O.f states on the exposed cros angle between the line segmeAB and thex axis of the
sectional surface; for the filled-state images analyzed in the

: : ¢rystal coordinate system, andthe length of the segment
present studies, these features correspond to dangling bo Both raw STM data and strain simulation show that
of surface group V atoms. The following analysis demon-_" " h der of-10-2 or smaller W bt@in
strates that the[001] spacings between adjacent local aniez _a4re on the order o or smatier, so we obla
maxima in a high-resolution cross-sectional STM image ar 9;<10"". In other words, the measured spacing between

. . : ? I maxima in the surface density of states due to filled
determined by thd001] bilayer spacings between surface ocal | . .
group V atomi, which are, ?ln turg, uni%uely determined bydangllng bond_statt)?s differ from the actual spacing by at
the compositional profile of the heterostructure. most one part in 107,

Figure Ga) schematically illustrates the STM coordinate The[001] spacing along the axis of the crystal coordi-

system, the crystal coordinate system, and the coordinates ?ﬁgﬁ Eftrzrlgtgzt\?ée?ﬁa)tgﬁ %ﬂf;;n;;'ggﬁl ;T)rg\ll'vr;ger?ocr;drfe?an
local maxima in the density of states of the filled dangling

bonds and related surface group V atoms within the ST ponding surface group V atoms along axis of the crys-

and crystal coordinate systems. Tl1] spacing between dal cqordlfnate system. For a group \ésgr:]gcefillto dm dandlithe
adjacent local maxima in the density of states of filled dan-bggjt)gg -sshtg\:\?: irgalzilm(usr; ?ﬁ;odcilf?;?envgg bI:wlesn tﬁgf N9
gling bonds projected onto the STM coordinate system, i.e.é d tes | 9.,

the difference in X coordinate of contrast maximgg ~ COOTAINALES 1S

=AXSIM=X5™-Xx3™ differs from the[001] spacing be- xP—x2=| X (sin® cosf+ cosO sin b cose), 2
tween adjacent local maxima in the density of states of da
gling bonds along th& axis of the crystal coordinate system

Agmz AXb:XIS—Xi’, by a relative error

Nwhere 6 and ¢ are the polar and azimuthal angles, respec-
’ tively, of the dangling bond with respect to the local polar

coordinate system centered at the surface atbrns, the

A= AL, length of the dangling bond, arf@l the angle between the

01= _Ab—“ ~|L cosf; —L cosb,|/(L cosby) axis of the crystal coordinate system and #ieaxis of the
oot local polar system, which is determined by the surface mor-

=2sif (60,— 0,)/2]Xsin (6,+ 6,)/2]/cosh,, (1)  phology of the relaxed cross section. Sir@e 6, and ¢ de-
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pend on the local atomic composition, the averagex'df z"
—x? for a given surface atom and its dangling bond can be  Local ..
calculated within a random clust&r6centered at the group System

V surface atom under consideration and extended to the sec

Surface
Morphology

Crystal

ond nearest neighbors, for given local surface morphology —System *¥ € o X \K
and local group V composition. Within such a random clus- (@)
ter, each group V atomic site is occupied by either an As or
an Sbh atom with a probability determined by the local group
V composition. Therefore, STM
System X
Xb_xa Xsm )dmu
= 2 [(sin® cosf+ cosO sinf cosd)Pq([Sh]) Crystal _ _ %
Q system ¥ K<Jg
0
. . R
=cosO x| >, | sinfcospPq([Sh]) | +sin® 5
Q
x| >, 1cosoPq([Sh]) |, (3a Surface
Q (b) Morphology

wherePy, is the probability that a certain compositional con- i, 7. schematic illustrations ofe) positions of surface atoms before
figuration 0 of the random cluster appears, which is a(circle) and after(solid dod the (110 surface relaxation with respect to local
function of the local Sh concentraticESb]. Since® is very coordinate system and crystal system, éndconvolution of STM tip with

_ . th le being i d.
small (~10 2 or smallel, we can also define ([ Sh]) © sample being image

=2l sin6cos$P([Sh)) and fo([Shl) spacings, is much smaller. For bulk binary materials or ran-
=2 ol costPo([Sh]) in Eq. (3a), to obtain, to the first order alloys, either free standing or uniformly strained, the
in O, relaxation of(110) surfaces will result in uniform horizontal
xP—x2 shifts along thex axis of the crystal coordinate system, and
~ > Isin@cos¢pPq([Sh])+©O hence, will not affect the measurd®01] atomic bilayer
Q

spacing.

In our studies, local Sb concentration, local strain, and
local surface morphology will also affect the relaxation of
the (110 surfaces. The average shift along thexis for a

=f,([Sh]) + O X f,([Sh]). (3b) particular surface atom due to th&10) surface relaxation
In areas, Wherdsb] Changes S|0w|y, i_e_7 away from the can also be calculated within a random Clugit_e?fa and is
vicinity of heterojunction interfaces, for two adjacent surfacegiven by
group V atoms aligned along tH®01] direction and their
corresponding dangling bonds, we obtain

x(%l coséP ([ Sh])

espondin = > (AX"cos®’+Az"sin®')Py([Sh))
AxP—Ax3=A(XP—x®)=A0 X f,([Sh]), (4) :

whereAx” andAx? denote thé001] spacing along the axis ~AX"+0O'AZ", ®)

between adjacent-filled dangling bonds, and between theiyherex" andx" denote thex coordinates of a surface group
associated group V surface atoms, respectively. Sthi® V atom before and after thél10) surface relaxationAx”
very small, fo([Sb])=Xql cosoPo([Sb))~ZqlPo([Shl)  andAz” the shifts of the surface group V atom along #tfe
=1, and it is estimated to be slightly greater than 1 A. Typi-andz” axes of the local polar coordinate system due to the
cally, A®@ <10 2, so the difference between the spacing be-(110) surface relaxation, an@’ the angle between theaxis
tween adjacent-filled dangling bond states and the spacingf the crystal coordinate system and ttfeaxis of the local
between the corresponding surface atoms~8.01 A or  coordinate system, as shown in Figa)7 Note that now the
smaller. local coordinate system is associated with the virtual position
Relaxation at th&¢110) surface will also affect the coor- of the surface group V atom before thELO) surface relax-
dinates of surface atoms. For zinc-blende IlI-V crystalsation;Pg, (), and[Sh] are defined as in E43a) and Eq.(4).
cleaved to expose{d 10 plane, surface relaxation will occur Ax” andAz" are very small, e.gAz" is usually around 0.2
even when the materials are not straiféd® Surface atoms A.3"4°~*2For two adjacent surface group V atoms aligned
will shift both within and perpendicular to the local surface along the[001] direction, the average difference in their
morphology, i.e., along the” andz” axes of the local coor- shifts along thex axis during the(110 surface relaxation,
dinate system, as shown schematically in Fig).However, therefore, is
the resulting shifts along the axis of the crystal coordinate — — T e —
system are very small in absolute value, #émg differencen AX'—AXI=AX —x)~A0'AZ'~A0AZ, 6)
such shifts from atom to atom on the exposed surface, whichssuming that thél10) surface relaxation would not change
is the factor that affects the measuf@®1] atomic bilayer the morphology of the surface, i.A@~A®’, whereAO is
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defined in Eq(4) and is typically less than 0.01. Thus, strain ~AX'—R'AO. @)
relaxation at the cleaved.10) surface will alter the spacing _ _
between adjacent surface atom by less than 0.002 A. where R’=R’'—Az"—f,([Sh])=R+D—Az"—f,([Sh]),
While imaging the undulated110) morphology, the —andAX{Ei®s, AXGiM, R’, ©, AxP, Ax?, f,([Sh]), Ax", and
shape of the STM tip and the STM contréip-sample sepa- Az” are defined in Eq(1) through Eq.(7). Sincef,([ Sh])
ration) will also affect the measurefD01] atomic bilayer ~1A, Az’~0.2 A, andD is typically couple of angstroms,
spacing, as schematically illustrated in Figh)7 Assuminga R” is slightly larger tharR, typically by ~1 A.
spherical shape for the STM tip at the apex, for a given point  In the vicinity of a heterojunction interface, there may be
on the expose(l10) surface of the sample, its X coordinate, deviations from the above analysis due to the relatively
Ximage as perceived by STM tip, differs from its real X co- abrupt changes in composition near the interface. These de-
ordinate in the STM system according to viations will result in additional uncertainties in the approxi-
image. \STM_ . mated[001] surface atomic bilayer spacing near heterojunc-
XI5 X==—(R+D)sin(® — 6p), (78 tion interfaces. However, any increase in {i@¢91] atomic
whereR s the radius of curvature of the tip apéxthe STM  Pilayer spacing should be compensated for by a correspond-
tip-sample separatio the angle between the local surface INd decrease in thE001] atomic bilayer spacing in the im-
tangent and th& axis of the crystal system, arg the angle ~ Mmediate vicinity, andvice versa since the total spacing
between theX axis of the STM system and theaxis of the ~ aCross the interface is determined by strain relaxation and
crystal system, which is a constant throughout imagingimrinSiC.(.llo) surf.ac.e rele}xation, and abrupt_ atomic scgle
Therefore, the measurg@01] spacings in STM images are composmonal variation will only. reallocate bilayer atomic
affected by the shape of the STM tip and the STM tip-sampl&Pacing near the interface but will not change the total mul-

separation according to tiple bilayer spacin_g._ Therefore,_ a_nom_alous deviatio_ns can be
_ detected by examining the variation in tf@1] atomic bi-
AXBpage_ AXSTM= — A[(R+D)sin(0® — 6p)]. (7b) layer spacing for several bilayers across heterojunction inter-
) faces.
Since® and ¢, are very small, we have, For a given compositional profile in a heterostructure,
Axbnaige_Axgg{vI% —A[R(®—6p)], (70 the surfacd001] atomic bilayer spacings are uniquely deter-

mined, and the surfad®01] atomic bilayer spacing before
whereR’=R+D. Ris a constant, typically a few nanom- the intrinsic(110) surface relaxationAx", can be calculated
eters,D is usually a few angstroms and varies very little in via numerical simulation of strain effects. R’ can be de-
regions away from heterojunction interfaces, aDekR’, termined, either directly or indirectly, the surfd@91] spac-
thereforeR’ is mainly determined bfR, and is virtually con-  ing between maxima in STM contragtXg;%¢, can then be
stant away from heterostructure interfaces. Furthermé@ye, calculated. Therefore, using@ the[001] spacings measured

is a constant; thus, in regions away from the immediate vibetween adjacent contrast maxima in a STM imd@e,an

cinity of heterostructure interfaces, we obtain independent determination of average composition, e.g., an
image STM ) ) XRD measurement, an@ii) a numerical simulation of sur-
AXpor —AXgor = —R'A(@—0g)=—R'AO.  (7d)  f5ce relaxation due to strain, the nanoscale compositional

From the preceding analysis, we can now establish thQrOfile in the GaAs_,Sh, alloy layer in our samples can

quantitative relationships among the followingX{a%, the then be determined quantitatively.

density-of-state maximum obtained from our STM image
data; AX5", the actual position of that maximum in the
STM coordinate systenx®, the position of that maximum in
the local crystal coordinate systef=x", the position of The algorithm described in Sec. Il C is the first that has
the corresponding atom on the relax@d0) surface; and", been suggested that permits a quantitative analysis of the
the position that atom would assume on the unrelaxedlloy composition of nanometer-scale compositional struc-
cleaved (110 surface. The local composition can then betures based on strain analysis of STM data. According to the
determined fromx" as described below. analysis of Sec. Il C, thE001] atomic bilayer spacing on the
Using this analysis, we see first that the surface atomi@xposed110) surface of the GaAs ,Sh,/GaAs heterostruc-
bilayer spacing along thg901] direction before the intrinsic  tures, A% andASE, can be determined using;® mea-
relaxation of the expose@l10) surface(not the strain in- sured in the corresponding regions within(#l0) cross-
duced relaxationis related to thg001] spacings between sectional STM imageR” is an unknown parameter, but
adjacent maxima in STM contrast {110 cross-sectional using an XRD measurement to obtain the average Sb con-

D. Quantitative analysis of local atomic composition

STM images as follows: centration within the GaAs ,Sh, alloy layer, and a numeri-
) cal simulation to determine the degree of strain-induced sur-
AXgoi?=AX501 —R'AO face relaxation, the detailed compositional profiles within the
~AP—RA® GaAs _,Sh, alloy layer can then be deduced. Information
regarding the abruptness of heterojunction interfaces can be
~AxA+ A@)m_ R'A® also extracted from th@01] atomic bilayer spacings derived
o from the interface regions.
~AX"+AOAZ'+AOF,([Sh))—R'AG The closed circles in Figs.(& and 8b) show the[001]
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atomic bilzyer spacings averaged over a distance of 140
along the[110] direction in two(110 cross-sectional filled-

state constant-current STM images obtained from the

Zuo et al.

the maximum, average, and minimum Sb concentration, and
the gradient of Sb concentration, within the GaAsSh, al-

loy layer in the GaAs_,Sh,/GaAs samples grown with and
without group V interface soaks. Also listed in Table | are
values forR”, and the estimated values f& the radius of
curvature of the STM tip used for acquiring the correspond-
ing STM images.

As shown in Table I, the Sb concentration in the alloy
layer is ~30% near the GaAs,Sh.—on—-GaAs interface,
and ~40% near the GaAs—on—GaAsSh, interface, with
an average Sb concentration of 35% and a group V compo-
sitional grading of~1.5% per nanometer within the alloy
layer in the GaAs_,Sh,/GaAs double quantum wells grown
with group V soak; the radius of curvature of the STM tip is
estimated to be-23 A, based on the value &’. Within the
GaAs _,Sh, alloy layer in the GaAs ,Sh,/GaAs sample
grown without group V interface soaks, the Sb concentration
in the alloy layer is~27% near the GaAs ,Sh—on-GaAs
interface, and~41% near the GaAs—on—GaAsSh, inter-
face, with an average Sb concentration of 34% and a group V
compositional grading of~2% per nanometer; the radius of
curvature of the STM tip is estimated in this case to-H#l
A. The compositional grading in the alloy layer is a direct
consequence of Sb segregation during growth, and our re-
sults indicate that the group V soaks can significantly reduce

e compositional grading caused by the Sb segregation dur-
ing growth.
The Sb concentrations determined from our analysis

GaAs _,Sh,/GaAs samples grown with and without group within the GaAs_,Sh, alloy layer in the GaAg_,Sh /GaAs
V soaks at the heterojunction interfaces, each containing ongamples grown with and without group V interface soaks,

GaAs _,Sh, alloy layer and two adjacent GaAs layers.
It is apparent from Figs. (& and &b) that the average
[001] spacings vary within the GaAs,Sh, alloy layer, in a

i.e., 30%—-40% and 27%—-41% respectively, correspond to
PL peak energies of-1 eV at room temperature, consistent
with the room temperature PL peak energies measured for

manner suggesting that the Sb concentration is significantihese samples.

graded. As was shown in Fig. 2, the average Sb concentra- The data shown in Fig. 8 can also provide information at
tion within the GaAs_,Sh, alloy layer in the the nanometer scale concerning local Sb concentration and
GaAs _,Sh /GaAs samples grown with and without group heterojunction interface abruptness. The degree to which in-
V soaks at the heterojunction interfaces is determined fronferface abruptness can be probed in this approach is limited
XRD measurements to be 35% and 34%, respectively. Witlby the size of the area used to obtain averaged atomic bilayer
this information, a strain simulation was used to determingpacings and the degree of interface roughness. As shown in

guantitative compositional profiles within the GgAsSh,
alloy layer in the two GaAs ,Sh,/GaAs double quantum
samples grown with and without group V interface soaks.
The solid lines in Figs. @& and &b) show the results of
our strain simulation$R”A® is calculated only for the alloy
layen. For a given compositional profile of the alloy layer,
Ax" is calculated, and® is determined over the alloy layer.
From the accumulated discrepancy betwaedf;9°andAx"
throughout the alloy layeR” was determined, and the tip

Fig. 5, the interface roughness amplitude in these samples is
typically about 3 to 8 A. Since interface roughness is present
at length scales comparable to the dimension of the area over
which atomic bilayer spacings were averaged to obtain the
data shown in Fig. 8, the extent of the interface region in the
growth direction will be at least as large as the interface
roughness amplitude even if the interface at any single point
is perfectly abrupt. However, the actual interface transition
region will not be wider than that reflected in the average

convolution was calculated for the alloy layer. Table | lists[001] atomic bilayer spacings. Also, due to the geometry of

TABLE I. Results of strain simulation.

Maximum Average Minimum Compositional
[Sh] [Sh] [Sh] gradient(1/nm) R” R
Sample (%) (%) (%) (%) A N
With group-V soaks 40 35 30 15 243 ~23
Without group-V soaks 41 34 27 2 216 ~21
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the exposed110) cross section, only thgD01] spacings be- respectively. These values for Sb composition are consistent

tween the topmost layer group V atoms, i.e., the bilayer spacaith the PL peak energies measured for these samples.

ings, can be measured from filled-state STM images, there- Discrete Fourier analysis of interface profiles extracted

fore, the resolution of interface transition deduced fromfrom (110 cross-sectional images of the samples grown with

[001] atomic bilayer spacings cannot be better than twaand without group V soaks shows the effect of the interface

monolayers. soaks on interface roughness: As soaks reduce the degree of
As shown in Fig. 8, for the GaAs—on—GaAsSh, in- roughness of the GaAs—on—GaAgSh, interfaces; how-

terface, the transition from the GaAs Sk, alloy layer to the  ever, for the GaAsg ,Sh—on—-GaAs interface, an AsSb

GaAs layer extends about 6—12(fvo to four monolayers  soak does not seem to affect the interface roughness signifi-

in the sample grown with an As soak at the cantly.[001] atomic bilayer spacings extracted from STM

GaAs—on—GaAgs_,Sh, interface, and no more thab A in  images also reveal the effect of group V soaks on interface

the sample grown without the anion soak at the interfacabruptness: an AsSb soak at the GaAs,Sb—on—-GaAs

(one or two monolayejs For the GaAs_,Sh—on—-GaAs interface seems to improve interface abruptness, while an As

interface, the transition from the GaAs layer to thesoak at the GaAs—on—GaAsSh, interface seems to de-

GaAs _,Sh, alloy layer does not exceed 6 fbone or two  grade interface abruptness.

monolayergin the sample grown with an AsSb soak at the

GaAs _,Sh,—on—GaAs interface, and about 6—13tho to ~ ACKNOWLEDGMENTS
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