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Periodic arrays of 150 and 175 nm-wide GaAs—AlAs quantum wires and quantum dots were
investigated, fabricated by electron beam lithography, and, 8z Ireactive ion etching, by means

of reciprocal space mapping using triple axis x-ray diffractometry. From the x-ray data the lateral
periodicity of wires and dots, and the etch depth are extracted. The reciprocal space maps reveal that
after the fabrication process the lattice constant along the growth direction slightly increases for the
wires and even more so for the dots. 95 American Institute of Physics.

In the last few years, considerable progress has bee{iEBL) with a Leica Cambridge EBPG5-HR electron beam
made in the field of semiconductor quantum wires and quanpattern generator and subsequent magnetically confined
tum dots'™ Quantum confinement effects have been ob-plasma reactive ion etchin@ICP-RIE)*2 using SiC} with a
served in wires and dots with a size up to about 2006°A. fiow rate of 13.5 sccm and QOwith 1.5 sccm(which is in-
High resolution x-ray diffractometry provides a promising corporated to ensure the verticality of the nanostrucjuaes
method for structural investigations of periodic arrays ofgn gperating pressure of 0.5 mTorr. The microwave power
semiconductor surf%ce. corrugatio‘h‘g,. quantum .Wire§;9 was 54 W, the rf power 35 W and the resulting dc bias was
and quantum boxes'° It is nondestructive, averaging over a —230 V. The etching depth was nominally between 600 and

large area of the sample, and requires no sample pretrea}bo nm. The period was nominally 300 and 350 nm and the

men;. Moreover, itis ”.‘a'”'y sens_mve to the crysta_lhne partwidth of the wires and dots was half the period length. SEM
of wires and dots, which determines the actual size of the . hs of th iodical wi d dot led
quantum confined region. micrographs of the periodical wire and dot arrays reveale

In this letter we report on reciprocal space maps of thevertical, i.g.,[llo] oriented, siQeyvaII;, and an etching depth
diffraction pattern of reactive ion etched 150 and 175 nmPf approximately 760 nm. This implies that the GaAs buffer
wide GaAs/AlAs periodic quantum wires and quantum dots\Was partly etched. During the etching process the 12 nm
A Philips MRD diffractometer with an angular resolution of T/20 nm Au mask was partly attacked. The consequence
12 arcsec was used. Its analyzer crystal, placed in betweétas a damage of the uppermost part of the dots and wires.
the sample and the detector (“triple  axis Figure Xa) shows a reciprocal space map around the
diffractometry”—TAD),*! reduces significantly the exten- (004 reciprocal lattice pointRELP) of an unstructuredas-
sion of the reciprocal space probe. The independent variatiogrown) GaAs/AlAs-reference sample. “S” denotes the
of the two diffraction angles (between incident x rays and GaAs-substrate peak, Sland Sl the zero and first-order
sample surfageand 2 (between incident and scattered X MQW peak, respectively. “A” is a symbol for an artifact, the
rays provides the possibility of reciprocal space mapping.

The lateral macroperiodicity of the wire and dot arrays
gives rise to additional intensity maxinfavire satellitesw;

and dot satellite®;) in the diffraction pattern. In principle, GaAs/AlAs Wires

the full information about the geometrical shaffeeight, 3 fasgrown ?0;%°3mz N

width, inclination of the sidewalls, peripds well as about 2 (0%5;) ' "””

the structural quality(strain and crystalline damagean be = 1

obtained from a two-dimensional map of reciprocal space. &= 0 () (b)
The GaAs/AlAs wires and dots were realized by nano- = -1 A

structuring a 30 period AlAs—GaAs multiquantum well & i1

(MQW) grown on a lum GaAs buffer. The nominally 8 nm Cukoy

thick GaAs wells are separated by nominally 12 nm AlAs 2 10 2

barriers resulting in a total thickness of 600 nm. The MQW q, (10°A")

was capped by a 20 nm GaAs layer. Beneath the GaAs buffer
25 periods ba 5 ML/5 ML short period AlAs—GaAs SL FIG. 1. (a) Reciprocal space map around {04 RELP of an unstructured

; ; ; control sample. The levels of the isointensity contours(@renits of counts
mthé;ztal tthCIt(n?SS QJhang’SXImaé;e;i?Sbn;fn W(ill_igrown C:I’l er second 1.2, 2.4, 3.6, 8, 25, 80, 800, and 18 008). Equivalent map of

€ S substrate with a oU nm S buirer. The samplege quantum wire array with contours at 1.5, 2.4, 3.3, 4.2, 8, 15, 50, 500 and

investigated were prepared by electron beam lithographys 000 cps.
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(224 RELP was measured by double crystal diffractometry

Dots I (DCD) using a diaphragm of 0.1 mm width in front of the
(224) ] detector. The dot period determined from tBe satellite
9/ pep: 1 spacing is 310 nm which coincides quite well with the nomi-
v aerom nal lateral periodicity of 300 nm.

An important feature is the observation of the shifts of
I both the zero order wire and dot peak with respect to the
e .:%"QDZ' (004) reference S} peak along th¢001] growth direction. These
D. D shifts toward the centef000 of reciprocal space can only

4 ol

Dy TAD result from a larger mean lattice constaif?" in the wires
-1 0 1 0 1 2 and dots alon§001] direction compared to that in the unpat-
q, (103 &Y q, (107 &Y terned GaAs/AlAs MQW reference sample. An anticipated

elastic relaxation in strained MQW layers after fabrication,
FIG. 2. (a) Reciprocal space maCD) around(224) of the dot array with th_e d|5t0rt|_0n would be orthorhombic in the case [M-O] )
[110] perpendicular to the diffraction planB; denotes théth dot satellite ~ Oriented wires on §001] substrate, would have the opposite
along theq, direction centered around the SMQW diffraction peak. Dot effect!® In a pseudomorphic layer structure grown on a

satellites around the GaAs substrate/buffer RELP result from partial etchinQ;aAS a =5.6537 substrate. the GaAs lavers of the
of the buffer. Contours at 4, 7, 11, 15, 22, 64, 256, 1024, and 20 00Qtps. @cans=5. A ’ y

Equivalent TAD map aroun@04). Contours at 1.2, 2.5, 4, 5, 32, 64, 256, sample are nOt_ strained at all and the Allﬁ|gs=5.6.629 ’B)

1024, and 20 000 cps. Inset: The average extra strain in growth directioldyers are subjected to a small biaxial compression because

Aa/a vs the ratio of surface area and volul®® of the nanostructures. of the lattice mismatch of 0.162%. When wires or dots are
fabricated by deep etching, this strain is expected to be re-

analyzer streak. RELPs with high intensity, in the presenglistributed among the layers of the etched part of the sample,
example the substrate reflection S and thg [tak, are elon- leading to a reduction of the biaxial compressive strain in the
gated along the Ewald sphere intersecting the growth direcAlAs layers and the occurrence of a biaxial tensile strain in
tion with the Bragg angl®g . Thickness fringes inbetween the GaAs quantum wells. A reduction aff®" within the
the MQW peaks Sj.and Sl indicate the good crystalline dots would be the consequence of elastic relaxation. How-
quality of the system. Their spacirigee Fig. 18)] corre-  ever, from Figs. 1 and 2 follows, that on the contrary, the
sponds to the total thickness of the superlattice of approxinanostructured MQW is even more strained in the growth
mately 640 nm. The MQW period was determined to be 21.3lirection (g, direction. The shift of the zero order wire sat-
nm from a dynamical simulation of a—26 scan over 4° e€llite with respect to the §}peak of the unstructured MQW
exhibiting satellite of the orders Sk to SL,; which also  Aw [see Fig. 1)] is about 136 arcsec, the shift of the zero
gave the widths of the GaA&.2 nm and the AlAs(13.1  order dot satelliteD, [see Fig. Zo)] is even larger:
nm) layers. In Fig. 1b), the diffraction pattern of the peri- Ap=230 arcsec. This corresponds to an enlargement of the
odic wire array is shown. Wire satellites accompanying theaverage MQW-lattice constamty®" from 5.663 A in the
SL, peak and the first-order MQW peak Shre observed. reference sample to 5.669 A in the wirgbe extra average
The wire period determined from the spacing of the satellitestrain in the growth directioda/a equals 1.x 10 %), and
along theq, direction is 303 nm. The inset in Fig. 1 defines to 5.673 A in the dotdAa/a=1.8x10"%). The origin of
the diffraction geometry, the arrow is the normal to the dif- this increaseof af'?" does not follow from the x-ray analy-
fraction plane, which is defined by the incident and diffractedsis. However, in SEM investigations on similar dots with
(004 x-ray wave vectors. even thicker AlAs barrierdapproximately 70 nm which

In Fig. 2 the maps for the periodic dot array are shown.have been exposed to air for about 30 min after etching, a
The sample was oriented with tH&10] direction perpen- visible oxidation of the AlAs layers was observ&tiThere-
dicular to the diffraction planeq, direction coincides with fore it is most probable that the oxidized AlAs layers on the
[110]). Two maps around the RELR®224) and (004 are sidewalls splay the quantum wires and dots mainly along the
shown in Figs. 2a) and 2b), respectively. Clearly, dot satel- MQW growth direction. In any case, the dots are affected
lites are observed both around the,Shtellite RELP and the stronger than the wires because they can expand or contract
GaAs buffer peak D; denotes their respective orglelhe in all three dimensions of space whereas the wires are fixed
latter indicates a corrugatiofpartial etching of the GaAs along the direction of the corrugations by the buffer. Further-
buffer as expected. The half-width of these fringes is muchmore, the exposed surface area is larger for the dots than for
larger than that of the actual GaAs/AlAs dot fringes. Thusthe wires. This idea is confirmed by the inset of Figh)2
the total etch depth extends through the entire MQW strucwhere the extra average strain in growth directiaa of all
ture, which has a total thickness of about 639 (88x21.3 investigated wire and dot samples is plotted against the ratio
nm), and some 100—200 nm into the GaAs buffer. The isoin-of surface area and volum®V of the nanostructure&he
tensity contours of th&V, satellites along they, direction line is a guide to the eyeThe dots are of cylindrical shape
exhibit thickness fringes which correspond to a thickness ofradiusr, heighth), so the surface area of their sidewalls is
just about 370 nm, i.e., less than the 639 nm. These fringe®nrh and their volume isr?xh leading to SV=2/r. The
which are observable in Fig. 2 as well, can only come fromwires are approximated by rectangular blodkgidth w,
the rather perfectly crystalline parts of the sample. length I, heighth), which have a sidewall surface area of

Due to the small overall intensity, the map around theS=Ih+wh~lh sincew~150-175 nm is much smaller than

948 Appl. Phys. Lett., Vol. 66, No. 8, 20 February 1995 Darhuber et al.

Downloaded-15-Aug-2011-t0-131.155.151.114.-Redistribution-subject-to-AlP-license-or-copyright;,-see-http://apl.aip.org/about/rights_and_permissions



the lengthl=~100 um. Consequenth&V equals W for the = EPSRC(Grant No. ER/J90718 One of us(C.M.S.T) is a

wires. From the inset, it can be seen that the extra averageoyal Society of Edinburgh Research Fellow.

strain Aa/a is proportional toSV in the first approximation.

In a previous photoreflectance work of deep etched GaAs/

AlGaAs quantum dots, evidence was seen of an increasingFor a review see e.g.: D. Heitmann, T. Demel, P. Grambow, M. Kohl, and

strain in the quantum wells along the growth axis with de- K. Ploogv ig ';igt”ggtsljppfonden;ed “\fatlierlgg)ficszoznd Future Pros-
H : H . . pects,e ite y L. ESa enum, New YOrk, P. .

creasing dot ,&IQZ\,t,%’ConSIStem with the present observation of 2]. Grodensky, D. Heitmann, K. von Kilitzing, and K. Ploog, Phys. Rev. B

an enlargeda, =" . 49, 10 778(1994).

In conclusion, x-ray reciprocal space mapping is particu- *H. Quiang, F. H. Pollack, Y.-S. Tang, P. D. Wang, and C. M. Sotomayor
larly useful for the characterization of periodical one- and J/?”gszlﬁpp'- P*T‘YSB- '-3“%4' 2hg38(1’\j’9?- o Siva £ Reinhart. and M. I
zero-dimensional systems. The period and the etching deptheéem‘l' :;;“’Phys afggﬁgclézé(lg%;' - >fva, . Reinhart, and M. 1
can be deduced. Furthermore it could be Clearly dem0n5p, van der Sluis, J. J. Binsma, and T. van Dongen, App| Physl a2tt.
strated that with this method small changes of the strain stag3186(1993). _ _
tus in multilayer samples caused by the nanofabrication pro- L- D€ Caro, P. Sciacovelii, and L. Tapfer, Appl. Phys. L&4, 34 (1994.
cess itself can be detected. Moreover. information on the A. A. Darhuber, E. Koppensteiner, H. Straub, G. Brunthaler, W. Fasch-

- ] - ! inger, and G. Bauer, J. Appl. Phy26, 7816(1994.
crystalline quality of the fabricated lateral structures was ob-8v. Holy, L. Tapfer, E. Koppensteiner, G. Bauer, H. Lage, O. Brandt, and
tained. K. Ploog, Appl. Phys. Lett63, 3140(1993.

Note added in proofRecently, Vaclav Holy has shown Q'F-,-Iozzpfzgp?-sﬁ;fLgcf;%‘/’gi' 5'1'7'(-1""552’ O. Brandt, D. Heitmann, and K.
that th_e in-plane |E?lttlce constant (_)f penodlc_ arrays of quansog jenichen, K. Ploog, and O. Brandt, Appl. Phys. L8, 156 (1993.

tum wires or dots is not necessarily determined by the posit'p. F. Fewster, Semicond. Sci. Techr§)l.1915(1993.

tion of the diffraction satellites in asymmetric reciprocal **Y. P- Song, P. D. Wang, C. M. Sotomayor Torres, and C. D. W. Wilkinson,

: J. Vac. Sci. Technol. B2, 3388(1994).
space mapfiike (224)] 13, De Caro and L. Tapfer, Phys. Rev.4®, 11 127(1994.
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