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Near-field low-temperature photoluminescence spectroscopy of single V-shaped quantum wires
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We report on a near-field spectroscopic study of single V-shaped InxGa12xAs/GaAs quantum wires. With
subwavelength resolution, the emission from single InxGa12xAs wires and connecting planar quantum wells—
separated by 250 nm—are individually resolved. The contributions of both monolayer height fluctuations on a
100 nm length scale and of short range compositional disorder to the localization of excitons in V-shaped
quantum wires are separately identified and their implications for far-field PL spectra discussed. An upper limit
for the migration length of the photogenerated excitons within the GaAs barrier layers of 250 nm is deter-
mined.@S0163-1829~99!01740-3#
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During the last decade, quasi-one-dimensional~1D! semi-
conductor nanostructures—quantum wires—grown on p
terned, V-shaped substrates~V-QWR! have attracted consid
erable interest,1 partly due to their fundamental importanc
and partly in view of their potential application in advanc
optoelectronic devices. In particular, structures based
InxGa12xAs are interesting candidates for applications in o
tical communications and model systems for studying
impact of the two-dimensional quantum confinement on
fundamental optical and electronic properties of 1D semic
ductor nanostructures.2–5

Much of the information on the optical and electron
properties of V-QWRs has been obtained from photolu
nescence studies. In such experiments, the distance bet
adjacent V-QWRs~typically between 0.5 and 1mm! is gen-
erally smaller than the achieved spatial resolution, leadin
the investigation of ensembles of up to 100 nanostructu
In order to reduce the pronounced inhomogeneous broa
ing in such ensembles and to elucidate the intrinsic 1D pr
erties, experiments on single QWRs using microscopy te
niques providing sub-micron spatial resolution a
particularly desirable. A powerful candidate is near-fie
scanning optical microscopy6,7 ~NSOM! with resolution on
the order of 100 nm. The potential of low-temperature ne
field spectroscopy for the microscopic analysis of semic
ductor nanostructures has been demonstrated in experim
on quantum wires fabricated by the cleaved edge overgro
technique8,9 and on patterned high-index (311)A GaAs
surfaces,10,11 in the latter structures also in combination wi
picosecond time-resolved techniques.12

In this paper, we report on a near-field photoluminesce
study of V-groove quantum wires. Combining subwav
length spatial and spectral resolution, the emission fr
single InxGa12xAs V-QWRs is spatially and spectrally re
solved. Monolayer height fluctuations on a 100-nm len
scale and short range compositional disorder are identifie
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the dominant disorder mechanisms that result in a spec
broadening of far-field PL spectra.

InxGa12xAs/GaAs V-QWR samples were grown by su
atmospheric pressure metal-organic chemical-vapor dep
tion ~MOCVD! at 650 °C on a patterned~100!, undoped
GaAs substrate.13 The patterned V-grooves exhibit a dep
and periodicity of 250 and 500 nm, respectively. A nom
nally 3-nm-thick In0.15Ga0.85As layer clad by thin GaAs lay-
ers was deposited into the grooves. Preferential nuclea
results in a vertical InxGa12xAs layer thickness of 9.5 nm a
the bottom of the V groove.13 The topmost GaAs cladding
layer was etched down to about 60 nm to reduce the dista
between V-QWR and sample surface to about 150 nm.

Far-field PL spectra at 10 K~Fig. 1! recorded with the
excitation polarization perpendicular to the wire axis reso
clearly V-QWR emission at 1.413 eV and, around 1.44 e
emission from the planar~100! QW region connecting adja

FIG. 1. Far-field PL spectra of the quantum wire sample at
K. The excitation is provided by an Ar1 laser at 2.5 eV at an
excitation density of 20 mW/cm2. The continuous~dashed! lines
were obtained with the polarization vector of the exciting be
perpendicular~parallel! to the quantum wire axis. The arrows ind
cate the calculated transition energies~see text!.
13 335 ©1999 The American Physical Society
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cent grooves. The far-field spectra exhibit a strong polar
tion anisotropy, which is a signature of the one-dimensio
character of the system. PL spectra for excitation paralle
the wire axis show strong emission from excited wire su
bands together with~100! QW emission. In addition emis
sion from the lateral QW region along the~111! groove side-
walls is observed around 1.455 eV. The peak assignme
in excellent agreement with calculations based on the s
tion of the two-dimensional Schroedinger equation of
system with inclusion of strain.

Near-field luminescence spectra are recorded at a sa
temperature of 10 K in a home-built microscope.14 Spatial
resolution beyond the diffraction limit is obtained by tran
mitting excitation light from a HeNe laser through an ap
ture of about 150 nm at the end of a metal-coated fiber pro
The emitted photoluminescence~PL! is collected in the far-
field, dispersed in a 0.22-m double monochromator with
spectral resolution of 0.8 meV and detected with a sing
photon-counting silicon avalanche photodiode.

First V-QWR near-field photoluminescence spectra
shown in Fig. 2. Here, absorption of the HeNe excitati
light creates electron-hole pairs in the near-field of the fi
aperture. The locally generated electron-hole pairs mig
through the nanostructure, on the time scale of the lumin
cence lifetime of about 500 ps,3 until they get trapped in
localized potential energy minima, e.g., within th
InxGa12xAs planar QW or the InxGa12xAs V-QWR. The
emission of these localized excitons is detected in the pre
experiment. Luminescence intensity is plotted as a func
of detection energy~abscissa! and tip position~ordinate!.
The tip position was scanned in steps of 50 nm over a
mm range along a line perpendicular to the quantum w
axis, while the detection wavelength was scanned in 1
steps from 855 to 890 nm. The positions of the V-QWR
separated by 500 nm, are depicted as dotted lines while t
of the planar~100!-QW connecting adjacent grooves a
shown as dashed lines.

In Fig. 2, emission occurring at the bottom of the groov
containing the quantum wires, can both spectrally and s
tially be distinguished from the emission originating at t
planar parts of the structure connecting the wires. In part
lar, two spectral features are resolved in the planar~100!-QW
region:~i! QW emission centered around 1.444 eV~859 nm!,
with a spectral width of 5–6 meV, and~ii ! a weaker emission
around 1.425 eV~870 nm! most likely related to a minor
contribution of carbon impurities.

In the V-groove regions, V-QWR luminescence is emitt
around 1.418 eV~874 nm!. Intense emission from thre
wires is individually resolved and a splitting of the V-QW
emission spectrum of each of the three wires into~at least!
two peaks separated by about 3 meV is found. In contras
the QW emission, the peak positions of the wire emission
found to vary appreciably, by about 3 meV from wire
wire. Also the wire emission intensity fluctuates mo
strongly than that of the corresponding QWs.

The observation of both spatially and spectrally distin
emission bands from the planar QW and the V-QWR reg
gives direct information on the carrier exchange betwe
these two regions. With the tip positioned at the center
each~100! QW mainly QW emission is detected. This show
that the photogenerated excitons are predominantly trap
-
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into local energetic minima within the QW region and th
exciton relaxation into low energy V-QWR states is inef
cient. The thinning of the InxGa12xAs layer along the side-
wall separating V-QWR and QW that is observed in TE
images,13 indicates that the carrier exchange between th
regions is suppressed by local energetic barriers in the s
wall InxGa12xAs layers.10

The occurrence of sharp doublets in the NSOM lumin
cence maps, separated by 3 meV, is reminiscent of radia
recombination of states localized at monolayer-high island15

formed at the bottom of the groove. Our calculations indic
that monolayer fluctuations at the bottom of the wire@along
the ~100! nanofacet# result in level splitting of the order o
1.7 meV per monolayer. The observed split lines thus s
gest that the NSOM PL spectrum averages over two isla
varying in thickness by 2 monolayers. Such islands ha
typical extensions of 100 nm and are randomly distribu
along the wire profile, as observed by high-resolution atom
force microscopy at the bottom of the grooves.16 Note that
the split peaks in Fig. 2 that are assigned to monolayer fl
tuations in individual wires are spatially separated by 5
100 nm. These separations are likely to reflect morpholog
imperfections at the bottom of the wires. The monolay
fluctuation lines have a width of about 5 meV, probably r
sulting from small random fluctuations of the composition
the wire material15,17 ~microroughness! on a length scale tha
is shorter than the typical island size and the exci
diameter.18 Typical values for such a disorder-induce
broadening amount to60.3%, corresponding to 6–7 meV
line broadening at low temperatures.

To study the effects of disorder along the wire axis, w
recorded two-dimensional maps of the QW/V-QWR em
sion at fixed detection wavelengths~Fig. 3!. The image
shows four regions:~i! 0 mm,y,1.3mm: here, the detec-
tion wavelength is set at 877 nm~V-QWR emission!. ~ii !
1.3mm,y,2.55mm: detection wavelength at 859 nm
~InxGa12xAs QW emission!. ~iii ! 2.55mm,y,3.9mm: de-
tection at 877 nm.~iv! 3.9mm,y,5 mm: detection at 859
nm.

For detection at 877 nm, pronounced maxima of t
V-QWR emission with a separation of about 500 nm, a
observed. The location of these maxima is assigned to
center of the V grooves showing that the wire axis is orien
at about 18° with respect to they axis. The intensity of the
V-QWR emission is seen to fluctuate considerably betw
adjacent wires, the emission of few wires being reduced
more than 50%. The image shows pronounced fluctuation
the lateral wire-to-wire distance varying between 400 a
600 nm. Such fluctuations are indicative of a meandering
the groove distance, resulting from imperfections in the gr
ings. Typical observed length scales of fluctuations of
V-QWR emission intensity range from 100 to 1000 nm.

To analyze the spatial resolution we show in Fig. 4 s
tions taken across thex axis through Fig. 3. Figure 4~a!
shows a clear modulation of the V-QWR emission intens
with maxima that are separated by 485 nm. We define
modulationM52* (I max2Imin)/(Imax1Imin), with I max being
the emission intensity for excitation at the V-QWR locatio
and I min being that for excitation in the center between tw
wires. On average, the modulationMQWR is 0.3, being very
sensitive to the distance between adjacent grooves. The
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FIG. 2. ~Color! Spatially re-
solved near-field photolumines
cence spectrum at 10 K. Th
sample is excited by transmitting
light from a HeNe laser through a
150-nm near-field aperture probe
Luminescence from the sample
collected as a function of tip posi
tion in the far field, spectrally dis-
persed and detected with a sing
photon counting photodiode. Th
positions of the V-QWRs are de
picted as dotted lines, while thos
of the planar~100! QW connect-
ing adjacent grooves are shown a
dashed lines. Emission from th
planar QW is centered aroun
1.443 eV and V-QWR emission
around 1.418 eV.

FIG. 3. ~Color! Two-
dimensional near-field lumines
cence image at a sample temper
ture of 10 K for detection at two
fixed wavelengths, correspondin
to the maximum of the QW and
V-QWR emission, respectively
V-QWR luminescence at 877 nm
is collected for 0mm,y
,1.3mm and for 2.55mm,y
,3.9mm. Quantum well lumi-
nescence at 859 nm is collecte
for 1.3mm,y,2.55mm and for
3.9mm,y,5 mm. The wire axis
is oriented at about 18° with re
spect to they axis. Experimental
conditions as in Fig. 2.
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tial variation of the V-QWR emission can reasonably be
scribed by a sum of Gaussian profiles spatially separa
with by 485 nm and with a full width at half maximum
~FWHM! of 400 nm.

The signal detected at the~100!-QW emission, 859 nm
shows similar fluctuations as the V-QWR emission, bo
along the wire axis and between adjacent QWs@Fig. 4~b!#.
The maxima are now located in the center between
V-QWR grooves, clearly demonstrating that QW a
V-QWR emission are resulting from different regions of t
sample. Moreover, the modulation of the QW emissionMQW
is about two times larger than that of the V-QWR emissio
on averageMQWR523(0.18– 0.10)/(0.28)50.57. This in-
dicates a higher spatial resolution for QW detection than
V-QWR detection. We can describe the spatial variation
the luminescence profile again by a sum of spatially d
placed Gaussians, now with a FWHM of 350 nm and off
by 250 nm compared to the profile in Fig. 4~a!.

From the observed spatial resolution of 350 nm one
directly extract an upper limit for the exciton migratio
length within the GaAs barriers. Neglecting the width of t
planar well, we estimate the spatial resolution of the QW
scan as being given by a convolution of the limited spa
resolution of the electromagnetic near-field of about 250

FIG. 4. Cross sections for~a! V-QWR detection and~b! QW
detection.
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and the diffusion-limited resolution due to exciton migratio
within the GaAs barriers. Assuming, for simplicity, Gaussi
shapes for each of these profiles, the spatial resolution
QW detection can be estimated as FWHMQW5(Ld

2

1dnf
2 )1/2, with Ld being the exciton migration length, anddnf

the near-field resolution. With FWHMQW5350 nm anddnf

5250 nm, we find an upper limit forLd of 250 nm. Consid-
ering the finite extension of the planar quantum well reg
of about 270-nm, that is another limiting factor for the res
lution in this experiments, it is highly likely that the migra
tion length of the excitons that give rise to QW luminescen
is even smaller.

The decrease in spatial resolution for detection
V-QWR luminescence to 400 nm is related to the dep
dependent change in the lateral extension of the electrom
netic near-field. With increasing distance from the near-fi
aperture, the intensity of evanescent modes decays expo
tially and the field distribution is dominated by the remaini
propagating modes leading to a strong decrease in sp
resolution. In the investigated sample, the separation
tween V-QWR and surface of about 150 nm is substant
explaining the loss of spatial resolution. Simplified mode
for the electromagnetic field distribution below nanosiz
apertures indicate that the lateral with of the near-fi
should correspond to about twice the value of the dista
from the aperture. In our case, this would limitdnf,QWR to
about 300 nm and thus the overall resolution for detection
QWR luminescence FWHMQWR to about 390 nm, in good
agreement with the experimental result.

In conclusion, we presented the first near-field spec
scopic study of individual V-shaped InxGa12xAs/GaAs
quantum wires. The dominant types of disorder leading t
spectral broadening of far-field PL spectra, namely mo
layer height fluctuations of islands at the bottom of the
groove with a typical extension of 100 nm and small rand
fluctuations of the composition of the wire material on
length scale shorter than the exciton diameter, are dire
identified. From the observed spatial resolution of the ne
field images an upper limit of the exciton migration leng
within the GaAs barrier layers of 250 nm is determine
giving first information on the carrier transport processes
this complex nanostructure. Here, in particular studies co
bining the high spatial resolution of the near-field techniq
with ~sub-! picosecond temporal resolution shall be of gre
value for increasing this knowledge.
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