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X-ray reciprocal space mapping of GaAs/AlAs quantum wires
and quantum dots
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Nanoelectronics Research Center, Department of Electronics and Electrical Engineering,
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~Received 5 July 1994; accepted for publication 7 December 1994!

Periodic arrays of 150 and 175 nm-wide GaAs–AlAs quantum wires and quantum dots were
investigated, fabricated by electron beam lithography, and SiCl4 /O2 reactive 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 th
after the fabrication process the lattice constant along the growth direction slightly increases for th
wires and even more so for the dots. ©1995 American Institute of Physics.
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In the last few years, considerable progress has b
made in the field of semiconductor quantum wires and qu
tum dots.1–3 Quantum confinement effects have been o
served in wires and dots with a size up to about 2000 Å1,2

High resolution x-ray diffractometry provides a promisin
method for structural investigations of periodic arrays
semiconductor surface corrugations,4–7 quantum wires,8,9

and quantum boxes.9,10 It is nondestructive, averaging over
large area of the sample, and requires no sample pret
ment. Moreover, it is mainly sensitive to the crystalline pa
of wires and dots, which determines the actual size of
quantum confined region.

In this letter we report on reciprocal space maps of
diffraction pattern of reactive ion etched 150 and 175 n
wide GaAs/AlAs periodic quantum wires and quantum do
A Philips MRD diffractometer with an angular resolution o
12 arcsec was used. Its analyzer crystal, placed in betw
the sample and the detector ~‘‘triple axis
diffractometry’’—TAD!,11 reduces significantly the exten
sion of the reciprocal space probe. The independent varia
of the two diffraction anglesv ~between incident x rays and
sample surface! and 2u ~between incident and scattered
rays! provides the possibility of reciprocal space mapping

The lateral macroperiodicity of the wire and dot arra
gives rise to additional intensity maxima~wire satellitesWi

and dot satellitesDi) in the diffraction pattern. In principle,
the full information about the geometrical shape~height,
width, inclination of the sidewalls, period! as well as about
the structural quality~strain and crystalline damage! can be
obtained from a two-dimensional map of reciprocal space7

The GaAs/AlAs wires and dots were realized by nan
structuring a 30 period AlAs–GaAs multiquantum we
~MQW! grown on a 1mm GaAs buffer. The nominally 8 nm
thick GaAs wells are separated by nominally 12 nm AlA
barriers resulting in a total thickness of 600 nm. The MQ
was capped by a 20 nm GaAs layer. Beneath the GaAs bu
25 periods of a 5 ML/5 ML short period AlAs–GaAs SL
with a total thickness of approximately 75 nm was grown
the GaAs substrate with a 80 nm GaAs buffer. The samp
investigated were prepared by electron beam lithogra
Appl. Phys. Lett. 66 (8), 20 February 1995 0003-6951/95/66(8
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~EBL! with a Leica Cambridge EBPG5-HR electron beam
pattern generator and subsequent magnetically confine
plasma reactive ion etching~MCP-RIE!12 using SiCl4 with a
flow rate of 13.5 sccm and O2 with 1.5 sccm~which is in-
corporated to ensure the verticality of the nanostructures! at
an operating pressure of 0.5 mTorr. The microwave powe
was 54 W, the rf power 35 W and the resulting dc bias was
2230 V. The etching depth was nominally between 600 and
700 nm. The period was nominally 300 and 350 nm and the
width of the wires and dots was half the period length. SEM
micrographs of the periodical wire and dot arrays revealed
vertical, i.e.,@110# oriented, sidewalls, and an etching depth
of approximately 760 nm. This implies that the GaAs buffer
was partly etched. During the etching process the 12 nm
Ti/20 nm Au mask was partly attacked. The consequenc
was a damage of the uppermost part of the dots and wires

Figure 1~a! shows a reciprocal space map around the
~004! reciprocal lattice point~RELP! of an unstructured~as-
grown! GaAs/AlAs-reference sample. ‘‘S’’ denotes the
GaAs-substrate peak, SL0 and SL1 the zero and first-order
MQW peak, respectively. ‘‘A’’ is a symbol for an artifact, the

FIG. 1. ~a! Reciprocal space map around the~004! RELP of an unstructured
control sample. The levels of the isointensity contours are~in units of counts
per second!: 1.2, 2.4, 3.6, 8, 25, 80, 800, and 18 000.~b! Equivalent map of
the quantum wire array with contours at 1.5, 2.4, 3.3, 4.2, 8, 15, 50, 500 an
15 000 cps.
947)/947/3/$6.00 © 1995 American Institute of Physics
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analyzer streak. RELPs with high intensity, in the pres
example the substrate reflection S and the SL0 peak, are elon-
gated along the Ewald sphere intersecting the growth dir
tion with the Bragg angleQB . Thickness fringes inbetween
the MQW peaks SL0 and SL1 indicate the good crystalline
quality of the system. Their spacing@see Fig. 1~a!# corre-
sponds to the total thickness of the superlattice of appro
mately 640 nm. The MQW period was determined to be 2
nm from a dynamical simulation of av–2u scan over 4°
exhibiting satellite of the orders SL27 to SL17 which also
gave the widths of the GaAs~8.2 nm! and the AlAs~13.1
nm! layers. In Fig. 1~b!, the diffraction pattern of the peri-
odic wire array is shown. Wire satellites accompanying t
SL0 peak and the first-order MQW peak SL1 are observed.
The wire period determined from the spacing of the satelli
along theqx direction is 303 nm. The inset in Fig. 1 define
the diffraction geometry, the arrow is the normal to the d
fraction plane, which is defined by the incident and diffract
~004! x-ray wave vectors.

In Fig. 2 the maps for the periodic dot array are show
The sample was oriented with the@110# direction perpen-
dicular to the diffraction plane (qx direction coincides with
@11̄0#!. Two maps around the RELPs~224! and ~004! are
shown in Figs. 2~a! and 2~b!, respectively. Clearly, dot satel
lites are observed both around the SL0 satellite RELP and the
GaAs buffer peak (Di denotes their respective order!. The
latter indicates a corrugation~partial etching! of the GaAs
buffer as expected. The half-width of these fringes is mu
larger than that of the actual GaAs/AlAs dot fringes. Th
the total etch depth extends through the entire MQW str
ture, which has a total thickness of about 639 nm~30321.3
nm!, and some 100–200 nm into the GaAs buffer. The iso
tensity contours of theWi satellites along theqz direction
exhibit thickness fringes which correspond to a thickness
just about 370 nm, i.e., less than the 639 nm. These frin
which are observable in Fig. 2 as well, can only come fro
the rather perfectly crystalline parts of the sample.

Due to the small overall intensity, the map around t

FIG. 2. ~a! Reciprocal space map~DCD! around~224! of the dot array with
@110# perpendicular to the diffraction plane.Di denotes theith dot satellite
along theqx direction centered around the SL0 MQW diffraction peak. Dot
satellites around the GaAs substrate/buffer RELP result from partial etc
of the buffer. Contours at 4, 7, 11, 15, 22, 64, 256, 1024, and 20 000 cps~b!
Equivalent TAD map around~004!. Contours at 1.2, 2.5, 4, 5, 32, 64, 256
1024, and 20 000 cps. Inset: The average extra strain in growth direc
Da/a vs the ratio of surface area and volumeS/V of the nanostructures.
948 Appl. Phys. Lett., Vol. 66, No. 8, 20 February 1995
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~224! RELP was measured by double crystal diffractometry
~DCD! using a diaphragm of 0.1 mm width in front of the
detector. The dot period determined from theDi satellite
spacing is 310 nm which coincides quite well with the nomi-
nal lateral periodicity of 300 nm.

An important feature is the observation of the shifts of
both the zero order wire and dot peak with respect to th
reference SL0 peak along the@001# growth direction. These
shifts toward the center~000! of reciprocal space can only
result from a larger mean lattice constantan

MQW in the wires
and dots along@001# direction compared to that in the unpat-
terned GaAs/AlAs MQW reference sample. An anticipated
elastic relaxation in strained MQW layers after fabrication
the distortion would be orthorhombic in the case of@110#
oriented wires on a@001# substrate, would have the opposite
effect:13 In a pseudomorphic layer structure grown on a
GaAs (aGaAs55.6537 Å! substrate, the GaAs layers of the
sample are not strained at all and the AlAs (aAlAs55.6629 Å!
layers are subjected to a small biaxial compression becau
of the lattice mismatch of 0.162%. When wires or dots are
fabricated by deep etching, this strain is expected to be re
distributed among the layers of the etched part of the sampl
leading to a reduction of the biaxial compressive strain in th
AlAs layers and the occurrence of a biaxial tensile strain in
the GaAs quantum wells. A reduction ofan

MQW within the
dots would be the consequence of elastic relaxation. How
ever, from Figs. 1 and 2 follows, that on the contrary, the
nanostructured MQW is even more strained in the growt
direction (qz direction!. The shift of the zero order wire sat-
ellite with respect to the SL0 peak of the unstructured MQW
DW @see Fig. 1~b!# is about 136 arcsec, the shift of the zero
order dot satelliteD0 @see Fig. 2~b!# is even larger:
DD5230 arcsec. This corresponds to an enlargement of th
average MQW-lattice constantan

MQW from 5.663 Å in the
reference sample to 5.669 Å in the wires~the extra average
strain in the growth directionDa/a equals 1.131023), and
to 5.673 Å in the dots~Da/a51.831023). The origin of
this increaseof an

MQW does not follow from the x-ray analy-
sis. However, in SEM investigations on similar dots with
even thicker AlAs barriers~approximately 70 nm!, which
have been exposed to air for about 30 min after etching,
visible oxidation of the AlAs layers was observed.14 There-
fore it is most probable that the oxidized AlAs layers on the
sidewalls splay the quantum wires and dots mainly along th
MQW growth direction. In any case, the dots are affected
stronger than the wires because they can expand or contra
in all three dimensions of space whereas the wires are fixe
along the direction of the corrugations by the buffer. Further
more, the exposed surface area is larger for the dots than f
the wires. This idea is confirmed by the inset of Fig. 2~b!,
where the extra average strain in growth directionDa/a of all
investigated wire and dot samples is plotted against the rat
of surface area and volumeS/V of the nanostructures~the
line is a guide to the eye!. The dots are of cylindrical shape
~radiusr, heighth!, so the surface area of their sidewalls is
2prh and their volume isr 2ph leading toS/V52/r. The
wires are approximated by rectangular blocks~width w,
length l, height h!, which have a sidewall surface area of
S5lh1wh'lh sincew'150–175 nm is much smaller than
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the lengthl'100mm. ConsequentlyS/V equals 1/w for the
wires. From the inset, it can be seen that the extra aver
strainDa/a is proportional toS/V in the first approximation.
In a previous photoreflectance work of deep etched Ga
AlGaAs quantum dots, evidence was seen of an increa
strain in the quantum wells along the growth axis with d
creasing dot size,3 consistent with the present observation
an enlargedan

MQW .
In conclusion, x-ray reciprocal space mapping is partic

larly useful for the characterization of periodical one- a
zero-dimensional systems. The period and the etching d
can be deduced. Furthermore it could be clearly dem
strated that with this method small changes of the strain
tus in multilayer samples caused by the nanofabrication p
cess itself can be detected. Moreover, information on
crystalline quality of the fabricated lateral structures was o
tained.

Note added in proof. Recently, Vaclav Holy has shown
that the in-plane lattice constant of periodic arrays of qu
tum wires or dots is not necessarily determined by the po
tion of the diffraction satellites in asymmetric reciproc
space maps@like ~224!#.
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