Indium distribution in InGaAs quantum wires observed with the scanning
tunneling microscope
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The incorporation of In in the growth of crescent-shapegd J8&, gASs quantum wires embedded in
(AlAs),(GaA9gg superlattice barriers is studied in atomic detail using cross-sectional scanning
tunneling microscopy. It is found that the In distribution in both the surface and the first subsurface
layer can be atomically resolved in the empty- and filled-state images, respectively. Strong In
segregation is seen at the InGaAs/GaAs interfaces, but neither an expected enhancement of the In
concentration at the center of the quantum wire compared to the planar quantum well nor In
clustering beyond the statistical expectation is observedl985 American Institute of Physics.

Epitaxial growth on prepatterned substrates can be use promote the formation of the crescent-shaped wire and in
to fabricate crescent-shaped quantum wi@WRs.1?  an attempt to enhance the In concentration within the wire.
When growing a ternary material such as InGaAs, variationSTM measurements were performed in ultrahigh vacuum
of the ternary alloy composition may occur due to different(1x 10™* mbay using electrochemically etched W tips. The
lateral migration lengths and incorporation rates of thesample is cleaveth situ to expose an atomically flat, elec-
group—Ill species. Similarly, surface segregation of In in thetronically unpinned110) surface. Images with both positive
growth direction occursand leads to rough InGaAs/GaAs and negative sample bigsensitive to empty and filled sur-

interfaces. The atomically precise observation and quantififace states, respectiv8lywere acquired in a constant current
cation of these effects is very difficult using conventionalmode.

methods, because they average in at least one dimension Figures 1a) and ib) show empty-state(group-Iil-

over many atomic layers. On the other hand, cross-section@@ated STM images of the cross section of an InGaAs QW
scanning tunneling microscogXSTM) has chemical sensi- and QWR, respectively, acquired with a positive sample bias
tivity on an atomic scale within the group-lil sublattice of 5f v — +1.9 V. Linecuts along thé001]-oriented atomic
IlI-V heterostructure$.In fact, Zhenget al® have recently  ~olumns indicated are shown in FigicL These lines illus-
used it to study a planar InGaAs/GaAs heterostructure.  trate that the observed contrast consists of a slowly varying
In this letter, we report on the characterization by XSTM ¢qntribution from the “bulk” (subsurface materigas well as
of InGaAs QWRs grown by molecular beam epitaf§BE). o atomically resolved part from the empty surface states.
It is shown that In atoms can be atomically resolved not onlyrha former is related to the electronic band structure,
in the cross-sectional surface layer, but also inftre sub- \;hereas the latter yields chemical sensitivity, as is discussed

surface layer The measured In distribution clearly reveals In in detail below. Figure @) is an enlarged empty-state view

segregation in the growth direction. No preferential incorpo—Of the center of the QWR with the slowly varying back-

illed-state imagegroup-V-related of the exact same area
gacquired withV = —2.3 V. Although the two images were
cﬂ‘Ot taken simultaneously, it is possible to align them by ad-

justing the position of the imaged defects in the surface.
InGaAs QWRs and planar control quantum wel8Ws) The appearance of tAIAs),(GaAs SL in the empty-

grown by MBE at 540°C on a V-groov_e-patterned GaASstate image in Fig. 1 is different from that observed in filled-
n-type substrate. The V-grooves having side wall facets cIosgtate images, e.g. at the top of Figh2 Whereas the pres-
to {311}B planes and a periodicity of 250 nm are fabricated ges, €.g. P . pre

using holographic lithography and wet etchighe un- ence of 4 ML of AlAs leads to two quite sharply defined

doped InGaAs layers are embedded in 16 monolafidts) darkre]rlrowsd_lnt_th(: _f'llfg'State tlmatéetihe_ layer cc\»/ctras;’i 'E ¢
of GaAs and 8.5 periods of a moderately Bidoped much 1ess distinct In the emply-stale images. Ve atiribute

(AlAs),(GaAs, superlatticeSL) barrier. The QWR and QW tEis behal\(ior t? tlhe fact t_hat em%ty-s_tatebinging invhoIV(_as
layers nominally consist of 18 ML of UGa, ,As, where the tunneling of electrons into conduction-band states having
x=12%. Growth was interrupted for 20 s after every 3 ML & much lower effective mass than the hole states in the va-

lence band involved in filled-state imaging. These con-

5 . ~duction-band states are therefore more delocalized in such a
Also at: I_MO_-DP, EPFL, 1015 Lausanne, Switzerland. Electronic ma"'short-period SL and result in less distinct contrast.
pfm@zurich.ibm.com

bpresent address: Dept. of Physics and Astronomy, University of Oklahoma, 1 1e center of the QWR ?n Fig. 1 appears brighter_ th"f‘n
Norman, OK 73072, the planar QW. Two mechanisms may contribute to this dif-

beyond the statistical expectation is observed.
The sample discussed in this letter consists of a series
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FIG. 1. STM empty-state cross-sectional images@fan In 1, GagAs 21 i | Vmmre £ A b from (b)

QW embedded ifAlAs),(GaAsg SL barriers(scan size 808 220 A?) and
(b) a similarly embedded QWR grown dB11B-type side wall{scan size

Empty state

800%x 450 A?). Tunneling conditions: sample bias1.9 V and tunneling L L L from (a)

current 40 pA. The gray-scale range is 0.6 A in both images. Individual In 6 < %0 o0 &b 700

atoms appear as atomically sharp white détsLinecuts across the QWR Distance [110] (A)

and the QW along thg001]-columns indicated ifa) and (b). “First” and

“last” mark the start and end of the SL barriers. FIG. 2. (a8 Empty- and (b) filled-state images of exactly the same

112x 250 A2 region of the QWR. The white features represent In atoms in

the surface and subsurfa¢®L0) layers. The In distributions are random and

uncorrelated(c) Linecuts through the same atomic rdimdicated in the
ference:(i) the ground state of the QWR is lower in energy images showing a surface In, a subsurface In, and adjacent surface and

and more states are available for tunneling, éindthere is  subsurface In atoms, labeled A, B and C, respectively.
more strain relaxation at the free surface in the QWR case.
Examination of the images on the atomic scale yieldsgaqreqio not correlatewith the empty-state In features, but

chemlcal |n_format|on. An empty-state imaggee _espeC|aIIy faint filled-state features do correlate with the empty-state In
Fig. 2(@)] directly probes the energy and spatial extent of

dangling bonds associated with group-Ill sites. In the GaAéD_OS't'onS .as shown, for example, at A, n F'g'(_@’ Wh'_Ch
regions the corrugation is regular, whereas in the InGaA§lisplays linecuts along the sarpel0]-oriented zigzag line.
regions atomically localized white features, corresponding tdnversely, faint empty-state double-site features also corre-
In atoms in the surface layer, are observed. The In atoms ilate with the filled-state white features as shown at “B”. This
the surface appear white for two reasons. First, the In atom igvidence suggests that the filled-state white features must
larger than the Ga atom, so the dangling bond extends furtheéhemselves be independent In atoms, not in the surface, but
out of the surface. Second, the energy associated with the in the first subsurface layer, where In is in the back-bond
dangling bond is lower than that of the corresponding Ggosition below the imaged As sites. Here, the white atomic
bond (InAs has a lower band gap than GaAShe larger  features may be attributed to the As atom being pushed out
energy difference between tip and In bond causes In t0 aRss the surface by the large In and/or a higher energy As
pear brighter in a constant current image. Importanty, th%angling bond resulting from In in the back-bond position.

percentage of white sublattice sites is close to the nominal “}he weak influence of a surface In on its two neighboring As

concentration, which supports this interpretation. . .
bp P atoms(label “A" ) suggests that the geometric effect is the

The filled-state image, Fig.(B), directly probes the en- ) ) i
ergy and spatial extent of the As dangling bonds of the rePredominant contrast mechanism. Further strong evidence of

gion imaged in Fig. @). Surprisingly, this image also shows this is given by spectroscopic filled-state imagest shown
atomically localized white features similar to the In featureshere, which exhibit a voltage-independent appearance of the
of the empty-state imagdeLike in the empty-state image, the subsurface In over the rangg=—1.7 to —3.0 V, contrary
percentage of white sublattice sites is close to the nominal Iito the electronic contrast of the SL, which disappears rapidly
concentration. The positions of the strong filled-state whiteat higher voltage$.In summary, the white features in the
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FIG. 4. Cluster sizéRef. 10 distribution in a QWR area with 7.5% Itheft)
FIG. 3. Indium concentration across of the QWR and QW. Light and darkand in a QW area with 10% Ifright).
gray shading indicates the ratio of In atoms counted in the suftoety-

state datpand the first subsurface layéilled-state datg respectively. The . . B
bold line is a running average over five rows. One unit celbiad] direction ~ Where the In concentration is 7.5%. The bars labeled “Ran-

equals 2 ML. dom” are the total number of In counts multiplied by the
probability of having a certain cluster siZ&The measured

filled-state image represent In atoms in the first subsurfacluster size distribution closely follows this model, which
layer, and those in the empty-state image represent In in th_Ssumes random dlstnbt_mon of the substitutional In in the
top surface. For example, “C” in Fig.(2) corresponds to an group-Ill sublattice. Only in the filled-state measurement and
In atom in the surface layer about one and one-half latticdr the horizonta[ 110] direction do we find larger clusters.
sites to the left of an In atom in the first subsurface layer. We attribute this to the missing atomic resolution in this
The above results enable us to count In atoms in th&lirection in the filled-state image, which sometimes makes it

group-lll sublattice in thefirst two (110)-oriented layers difficult to distinguish between two In atoms and a cluster of

therefore producing better statistics. This is especially importhree In atoms, for example. _
tant in the case of the QWR for which the cross-sectional N conclusion we have shown that in the case of the
area observed is relatively small. Figure 3 displays histofernary InGaAs material, STM empty- and filled-state im-
tained by counting In atoms over a width of 20.0 f50  Observe no preferential In incorporation in the crescent-
lattice site3 in the case of the QW — a width over which Shaped QWR at the bottom of the V-groove compared to a
the QWR does not “bend” much — and over 40.0 f@00  Planar QW reference. Strong In segregation is seen into the
five rows is also plotted. We find that for both the planarrandomly distributed on the group-Iil sublattice. .
maximum In concentration of 11#51.4%. The statistical er- N Sample preparation, as well as P. &iband A. Balderes-
ror is calculated for the averaged data, and systematic counhi for valuable discussions. This work was supported by the
QWR. Science Foundation, contract No. 21/34317.92.
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that is apparently not significantly inhibited by the growth of 7m. pfister, M. B. Johnson, S. F. Alvarado, H. W. M. Salemink, U. Marti,
the (AlAs), layers in the SL above. D. Martin, F. Morier-Genoud, and F. K. Reinhart, Appl. Phys. Léf,
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Zheng etal. reported that the In in a GaASH'B 8In the filled-state image in Fig.(B), the white features appear slightly
G‘%BAS/GaAS sample growr) by MBE at the same_growth elongated due to the lack of atomic resolution in fAd0] direction. In
temperature as here, but without the 20 s growth interrup- other filled-state images they clearly occupy only a single lattice site.
tions, exhibited strong preferential clustering in tfg01] °M. Pfister, M. B. Johnson, S. F. Alvarado, H. W. M. Salemink, U. Martin,
growth direction. We found that in our case In is not clus- D. Martin, F. Morier-Genoud, and F. K. Reinhatnpublishel

i . . . Cluster size 1 is an In atom that has no In neighbor one unit cell to the left,
tered beyond statlstl_cal e_XpECtatlonS' Figure 4 Sh_OWS h_ISto'to the right, above or below. The probability of such a configuration in
grams of In cluster sizes in an area of the QW having quite a |n,Ga,_,As is (1-x)*. Diagonal configurations are not taken into ac-

uniform In concentration of 10% and in an area of the QWR count.
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