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properties of quantum wire structure grown on nonplanar
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Effects of anodic oxide induced intermixing on the structural and optical properties of stacked GaAs
quantum wire (QWR) structures grown on a sawtooth-type nonplanar GaAs substrate are
investigated. Cross-sectional transmission electron microsc6pEM) observation, temperature
dependent photoluminescen@d.) and cathodoluminescené€L) imaging were used. Intermixing

was achieved by pulsed anodic oxidation of the GaAs cap layer and subsequent rapid thermal
annealing, was verified by XTEM analysis. A significant enhancement of QWR PL is observed
accompanied by a notable blueshift of the sidewall quantum W®QWL) PL due to the
intermixing. Furthermore, an extended necking region is observed after the intermixing by spatially
resolved CL. The temperature dependence of the PL intensities of both SQWL and QWR show
maxima at approximately ~110 K indicating the role of the extended necking region in feeding
carriers to SQWL and QWR. €996 American Institute of Physid$§0021-897®6)05621-6

I. INTRODUCTION that have been used to obtain QWR, are tilted superlattice
_ _ _ o rowth® strain induced confinemeftand cleaved edge
During the past decade, the interest in the realization Ogvergrowth7.
low-dimensional = structures, specifically quantum wire  Growth of QWR on nonplanar substrate shows device-
(QWR) structures, has been growing rap@b}kp”mafy ap-  accessible optical properties becausénositu formation of
plication for devices with QWR structures will be the fabri- peterointerfac&? in spite of fundamental problems of repro-
cation of highly efficient laser diodes as the reduction of theyycipjlity and design flexibility. Furthermore, a seeded self-
dimensionality results in the alteration of the density of State%rdering as Kaporet al. pointed out, plays a role in the
(DOS) as well as formation of the additional subbands. Therormation of a crescent-shaped QWR during overgrowth on
altered DOS modifies the differential gain profile in such a; nonplanar substrat8. This seeded self-ordering enables
way as to enable the operation of laser diodes with reducegyacking of virtually identical QWR structures, which is a
threshold current density and allows high speed modulationyery important characteristic for increasing the optical gain
These are ideal characteristics for signal processing.  yolume. The successful operation of a QWR laser diode with
Despite expectation, based on theoretical calculationgiacked QWR active layers has been demonstidted.
about the superior properties of the QWR structures, current  o\ever, the areal density of QWR grown on nonplanar
technology limits the possible methods for the realization ofgpsirates patterned by using a contact lithography is very
QWR. Patterning by means of e-beam lithography and suby,,y As a result, the optical gain volume of QWR is almost
sequent etching is the most direct walowever, this tech- 1o orders of magnitude smaller than that for sidewall quan-
nique has several drawbacks. First, due to limitation of thg,m wells (SQWL) covering most of the sample area. In
resolution, well defined quasi-one-dimensional subbandggition, carriers generated near the surface by excitation are
with large subband energy separation are not achievablgyt giffused into SQWL and then transferred both to the
Second, the heterointerface inevitably includes a large numo\wR and to the top quantum welQWL) before radiative
ber of process damage induced nonradiative recombinatiogscompination occur€ Therefore, the transfer rate of pho-
centers that reduce luminescence efficiency. Other methodggenerated carriers to the QWR due to the radiative recom-
bination in the top QWL is reduced. For these reasons, large
Apermanent address: Semiconductor Materials Research Center, Korea lliminescence signals of the QWR that would enable funda-
stitute of Science and Technology, P.O. Box 131, Cheongryang, Seoulmental study is hard to achieve. Enhancement of photolumi-

Korea. .
bElectronic mail: cxj109@phys.anu.edu.au nesqence{PL) from the QWR was found after preferentlal_
etching of the top QWL and a part of the SQWLs, since their
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elimination increases the transfer rate of carriers to the
QWR_13—15

QWL intermixing has drawn a great deal of attention
since the technique offers the possibility of tunning the emis-
sion wavelength, which is desirable for photonic integrated
circuit applications® QWR intermixing may also provide
interesting opportunities for fundamental studies. First, a
theoretical study predicted the possible increase in the sub-
band energy separation after intermixiigrhus, controlled
intermixing can increase the energy separation between
ground and excited states to a larger value than room tem-
perature thermal enerdy-26 me\). Second, preferential in- (b)
termixing can be achieved since these types of QWR usually
are found deeper and they are thicker than SQWL. As shown
in this work, preferential intermixing can result in the lumi-
nescence enhancement of QWR.

Recently, it was demonstrated that an anodic oxide layer
grown by the pulsed anodization technique can serve as a
current blocking layer in laser diodé$.Additionally, we ik
found that this anodic oxide layer was able to promote the baa s St S T o
intermixing of QWL after rapid thermal annealiflRTA). rbin o *: > 100 nm

In this paper, the application of this anodic oxide in- =
duced intermixing technique to the QWR structure grown on
a nonplanar GaAs substrate is investigated. We believe oth&fG: 1- (@ A scanning electron microscope image aiil a bright-field

fransmission electron microscope image, both showing the stain etched

!nter:_mlxmg teChn'ques will lead to similar results as reportedcross section of the quantum wire grown on a sawtooth nonplanar substrate.
in this paper.

IIl. EXPERIMENT solution for 8 min. After the anodic oxidation, the sample
Zn dopedp™ GaAs substrates were patterned using conwas cleaved into small pieces and rapid thermal annealed in
tact lithography techniques. The pattern consists of @2  Ar ambient at 850 and 950 °C for 30 s using a proximity
wide stripes with 2um spacing. After the pattern transfer, a capping technique. GaAs substrates with a thick undoped
sawtooth-type surface profile-2.5 um depth is formed by ~ epitaxial layer(2—4 um) were used as supporting substrates
wet chemical etchingH,0:H,0,:H,P0O,=3:1:1 by volum¢  to avoid any effects related to dopant contamination.
at 0 °C. The QWR structures were grown by low pressure  Cross-sectional transmission electron microscope
metalorganic chemical vapor depositidcPMOCVD). The  (XTEM) specimens were prepared by ion beam thinning us-
epitaxial layers consist of a GaAs buffer layer100 nm, ing a cold stage and were investigated in a Phillips EM430
Al, Ga, As lower cladding layet~1 um), QWL active re-  €lectron microscope operating at 300 keV. PL was obtained
gion, Aly<Ga sAs upper cladding laye(~100 nm, and a  using Ar' laser(488 nm emission wavelengtiwith 10 mw
GaAs capping layef~100 nm. The active QWL region intensity as the excitation source, dispersed by SPEX 0.75 m
consists of 6 GaAs QWLs(~3 nm) separated by spectrometer and detected by silicon photodiode. Light from
Al sGa, sAs barrier layerd~50 nm). On the bottom of the an Ar" laser was focused on the patterned area. The beam
V-groove, six stacked QWRs are formed with the identicaldiameter was 20@&m. The samples were cooled in a closed
geometry due to the seeded self-ordering mechafisal.  loop helium cryostat. Cathodoluminescen(€.) spectros-
epitaxial layers are nominally undoped and their thicknessegopy and spatial imagingOxford instrument MonoClL of
reported here are estimated from those obtained on plan#ie QWR structure were carried out in a JEOL JSM35C
GaAs substrate. Therefore, a slight variation of thickness i§canning electron microscop8EM) operated at 25 kV em-
expected. The LPMOCVD system used in this study has #loying a liquid He cold stage and retractable parabolic mir-
horizontal reactor cell with a fast switching manifold. The ror collection optics.
total flow rate of H carrier gas is 17.5 slm and the operating
pressure is 76 T(_)rr. The grpwth temperatu_re is 700 °C: Thtﬁl_ RESULTS AND DISCUSSION
supply rates of trimethylgalliuniTMG) and trimethylalumi-
num(TMA) are 2.0<10°°, 3.5x10 > mol/min, respectively, Figure Xa) shows the cross-sectional scanning electron
and the V/III ratio is 100. Planar and nonplanar substratesnicrograph image of an as-grown sample after stain etching
were loaded simultaneously and the sample grown on thiandicating very regular sawtooth-type pattern. The dark layer
planar substrate was used for calibration purpose. in the SEM image corresponds to the epitaxial layer. Side-
The GaAs capping layer was oxidized using pulsed anwall planes of as-etched nonplanar substrate are close to the
odic oxidation technique. A current pul$¢0 mA/cn? cur-  (111)Ga plane. After growth, the sidewall planes deviate
rent density, 1 ms pulse width, 8.3% duty cycleas sup- from the (111)Ga plane due to the growth rate difference
plied to the sample while dipping in a glycol-water—acid between(111) and (100 planes'® The sawtooth nonplanar
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FIG. 3. Normalized photoluminescence spectra measured at 110 K for the
samples annealed at 850 and 950 °C for 30 s as well as for the unannealed
sample with anodic oxide cap layers.

FIG. 2. Cross-sectional bright-field transmission electron microscope im—d"’hference observation to uniform AlGaAs. Furthermore,

ages of the sample as growa and the sample annealed at 950 °C for 30 s SQWLS are intermixed regardless of their depths although it
with anodic oxide cap layefb). is hard to draw quantitative results from the TEM analysis.

The TEM analysis demonstrates SQWL intermixing while

the QWR is less affected. This is presumably due to the
substrate provides a minimal top QWL area after the overdiffusion of Ga interstitials from the anodic oxide layer into
growth. Thus, the PL emission intensity from the top QWL the epitaxial layer. Therefore, this process is the reverse pro-
is minimized. Figure (b) is a bright-field transmission elec- cess of the dielectric cap QWL intermixid§?? In the di-
tron microscopyTEM) image, showing one of the grooves, electric cap QWL intermixing, Ga interstitials are considered
in which six crescent shaped QWRs at the bottom of\the to be dissolved into the dielectric-cap with many vacancy
groove can be seen. Due to the mobility difference betweesites. The detailed work will be published elsewhere.
Ga and Al species during growth, Ga species migrate pref- Figure 3 shows the PL spectra for the samples annealed
erentially toward the bottom of thé-groove, which offers a at 850 and 950 °C as well as for the unannealed sample. All
better nucleation site availability for Ga adatom incorpora-samples have oxide layers on the top surface and the mea-
tion. Thus, Ga rich vertical quantum well& QWL) are  surement temperatures were kept at 110 K. No noticeable
formed in the AlGaAs alloys at the bottom of thé  change in PL is observed for samples annealed without an
grooves?® This VQWL on the TEM image appears as a ver-oxide layer(not shown here As shown in Fig. 1, PL is
tical dark band across from the bottom \dfgroove to the dominated by SQWL Iuminescence for the unannealed
surface. VQWL plays a important role in feeding carriers tosample. There is no indication of emission from the QWR.
the QWR, which is very important for laser operation. As After 850 °C annealing, the PL from SQWL is slightly blue-
noted by Gustafssoretal,?’ two branches of Ga-rich shifted and weak luminescence is detected at 760 nm, which
AlGaAs regions can be seen between the crescent shapedbelieved to be originated from the QWR luminescence.
wires. Figure 2a) shows the magnified TEM image of the For the sample annealed at 950 °C, SQWL luminescence is
sample shown in Fig.(b). Five QWRs from the top surface more blueshifted ~61 me\) and the QWR luminescence
are shown in Fig. 2. The size of the fifth QWR from the becomes prominent. This result supports the TEM observa-
surface with the most distinctive contrast was 40 nm widgtion of SQWL intermixing. Furthermore, the PL measure-
and 6 nm thick. Figure ®) is a bright-field TEM image and ments show that the intermixing increases the transfer rate of
shows the samples annealed at 950 °C for 30 s after anodmhotogenerated carriers to QWR in a similar way to the pref-
oxidation of the GaAs capping layer. The TEM image showserential etching stud¥’ It is interesting to note that the PL
a dramatic change after RTA. First, two QWRs from thefrom the SQWL shows broadening after RTA. This is due to
surface are intermixed and the deeper QWRs do not showhe different intermixing rates of SQWLs depending on their
any noticeable change. As can be seen in Fig. 2, a part of théepth from the surface. No noticeable blueshift of QWR Ilu-
VQWL near the surface is intermixed judging by the contrastminescence was observed for the annealed samples. There-
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FIG. 4. Temperature dependence of the normalized photoluminescence f@G. 5. Low temperaturé4.7 K) cathodoluminescence spectrum for the
the quantum wire sample annealed at 950 °C for 30 s with anodic oxide CaBample annealed at 950 °C for 30 s with anodic oxide cap layer.

layer.

though it shows as a dotlike pattern. It is striking that the

fore, this result shows the possibility of increasing the con-spatially resolved CL image at 660 rifaig. 6(b)] shows two
finement potential by the intermixing. This increasedluminescence patterns that are close to the positions of the
confinement potential may result in the enhancement of sullecking region. Thus, it is considered that the 660 nm lumi-
band energy splitting as discussed by Sallesal}’ nescence peak comes from the necking region. The separa-

Figure 4 shows the temperature dependence of normation between these two luminescence patterns and the indi-
ized PL for the sample annealed at 950 °C. As the measureddual pattern diameter are approximately 0.9 and 0,
ment temperature increases, the relative PL intensity ofespectively. To the authors’ knowledge, this is the first di-
QWR is increased similarly to the nonintermixed QWR rect observation of necking region luminescence. The 700
luminescencé® ¥ The increase of PL of the QWR is due to nm CL peak is attributed to the SQWL. The spatially re-
the carrier thermalization in the QWR potential well. In Fig. solved CL image[Fig. 6(c)] displays bright luminescence
4, a peak~660 nm near the high energy tail region of the over the entire area except the QWR region. The CL at 760
SQWL luminescence can be observed. As can be seen in Figm is emitted from the QWRs that are located at the bottom
4, this peak gradually disappears as the measurement temf the V grooves as shown in Fig(d). The QWR lumines-
perature increases. We attribute this peak to luminescenaence is weak at 4.7 K. However, as the measurement tem-
from the necking region. The necking region is the narrowperature is increased, the intensity of QWR luminescence
region connecting the SQWLs and QWR, which has beerincreases gradually, as shown in Fig. 4.
assessed by high resolution XTE¥In Fig. 4, the necking Figure 7 shows the temperature dependence of PL inten-
region PL is not resolved from the SQWL PL. The neckingsities of SQWL and QWR. In the case of the nonintermixed
region PL becomes prominent and well resolved in CL specQWR sample, the PL intensity of SQWLs is known to mono-
tra measured at lower temperature. tonically decrease as the measurement temperature is in-

Figure 5 shows the low temperatu(¢.7 K) CL spec- creased. On the other hand, the PL intensity of the QWR
trum, for the sample annealed at 950 °C. Three distinct lushows its maximum around 100 R This behavior was
minescence emissions are detected at wavelengths of 668xplained as resulting from the carrier transfer from SQWL
700, and 760 nm. Figure 6 shows the spatially resolved Clto QWR. However, as shown in Fig. 7, both intensities of
images at these wavelengths for the identification of the luSQWL as well as QWR PL increase rapidly with increasing
minescence origin. A secondary electron image of the strucdemperature at the low temperature regime and show their
ture is also displayed for comparison. The sample is tilted ssnaximum at around 110 K. The ratios of
that both the surface and cross section can be viewed. A¢SQWHLL0 Ky SQWL12 K) g | QWRL10/ QWRI2 K) are 2 6 and
cordingly, in the spatially resolved CL images, linelike and 9.1, respectively, where??"t and1 "R are PL intensities of
dotlike luminescence are emitted from the surface and crosSQWR and QWR at the measurement temperature shown in
section, respectively. One should distinguish the enhancetthe brackets. It is noteworthy that both PL intensities show
and spreaded linelike luminescences near the edge of thhe maximum at the same temperature110 K). This
sample from the luminescence of the cross section evemeans that carriers are transferred from the same source. One
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FIG. 7. Photoluminescence intensity of sidewall quantum well and quantum
wire as a function of measurement temperature.

sion of the necking region. Instead, carriers generated in the
AlGaAs barrier are first transferred to the extended necking
region and captured both by the SQWL and the QWR.
Therefore, its role is very similar to the role of the VQWL in
nonintermixed QWR samplés.

The formation mechanism of the necking region is not
FIG. 6. Spatially resolved cathodoluminescence imdg6V) recorded at ~ understood completely. One possible explanation is the crys-
wavelengths of 660 nnfb), 700 nm(c) and 760 nm(d). A secondary tallographic dependence of the intermixing rdfel1) planes
electron micrograplta) is displayed for comparison. The sample is tilted so consist of alternating Ga and As planes. The intermixing rate

that the cross section and top surface are visible simultaneously. Linelik - h
and dotlike luminescence correspond to the luminescences emitted from tr?én the(111) plane(l.e., SQWI‘) mlght be lower than on the

top surface and cross section, respectively. Note that enhanced and sprebH00) plane, under the same conditions, due to the tight-
linelike luminescences from the edge of the sample are not from the crosbinding atomic configuration of the 11) plane. Thesqueez-

section. ing effect by the necking region may provide another way to
increase subband energy separation.

Figure 8 shows the room temperature PL of the sample
possible source is the VQWL. This possibility can be ruledannealed at 950 °C for 30 s. No significant broadening of the
out from the intermixing of VQWL observed by TEfee QWR PL peak was observed presumably due to the two-
Fig. 2(b)] and from the low carrier mobility of AlGaAs. Fur- dimensional confinemen®. Furthermore, the well resolved
thermore, very well defined PL intensity pealds~110 K} QWR PL peak reflects no significant change in optical qual-
demonstrate no hampering of optical quality after the anodidty after the intermixing. Figure 9 shows the spatially re-
oxide induced intermixing because the carrier mobility in thesolved room temperature CL images recorded at 730 and 800
GaAs/AlGaAs QWL is significantly affected by interface nm, respectively. Figure(B) displays spatially the well re-
roughness and impurity scatterifgs.The temperature solved QWR emission at room temperature. This result
(T~110 K) showing the maximum intensity is consistent shows promise for the device applications of these types of
with the temperature of peak carrier mobility in the high QWR structures.
quality GaAs/AlGaAs QWL with similar thicknes4.

In the nonintermixed QWR, carriers diffuse from SQWL
to QWR through the necking regidA The tunneling process
of carriers through the energy barrier formed by the necking  Anodic oxide induced intermixing has been studied for
region explains the transfer r&t&Thus, there is no chance QWR structures grown on nonplanar GaAs substrates. After
of radiative recombination during the tunneling processRTA at 950 °C for 30 s with anodically oxidized GaAs cap-
However, it is not plausible that such a tunneling procesing layer, a significant PL blueshiit~61 me\) of the
occurs due to the high energy barrier of the necking regiorSQWL as well as prominent enhancement of the QWR lu-
with respect to the SQWI~108 meVj as well as the exten- minescence is observed. The structural study by means of

5um

IV. CONCLUSION
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TEM shows a noticeable intermixing of the SQWLs. Spa-
o tially resolved-low temperatur@.7 K) cathodoluminescence
5;:5:02?:02620 sec QWR images recorded at different wavelengths confirms the initial
T=300K l assignments of emissions from the SQWL and QWR. In ad-
dition, a luminescence from the necking region between
Side wall QWL SQWL and QWR is observed by CL imaging. This is attrib-
uted to the extension of the necking region by the intermix-
l ing. A temperature dependent PL study shows that the lumi-
nescence from the necking region disappears with increasing
temperature. Furthermore, unlike PL from nonintermixed
QWR, both SQWL and QWR show their maximum intensi-
ties at around 110 K. This is an observation that the extended
necking region might have a role so that carriers generated in
the AlGaAs barrier are first transferred to the extended neck-
ing region and later captured both by the SQWL and the
QWR. The spatially resolved CL image and PL study at
room temperature show well defined QWR luminescence,
demonstrating no substantial inclusion of nonradiative re-

L ! L combination centers into the QWR during the intermixing.

650 700 750 800 850
WAVELENGTH (nm)

PL INTENSITY (A. U.)
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