
PHYSICAL REVIEW B 15 JULY 1998-IIVOLUME 58, NUMBER 4
Nanoscale mapping of confinement potentials in single semiconductor quantum wires
by near-field optical spectroscopy
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The quasi-one-dimensional confinement potential and its influence on carrier transport in a GaAs quantum
wire structure are directly mapped by low-temperature near-field scanning optical spectroscopy with subwave-
length spatial resolution. Shallow asymmetric potential barriers in the vicinity of the quantum wire are de-
tected, and their height and width are determined quantitatively. We demonstrate the strong influence of such
local barriers on carrier transport and trapping into the quantum wire, suppressing carrier trapping at low
temperature.@S0163-1829~98!05827-5#
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The low-dimensional confinement of carriers in semico
ductor nanostructures is based on spatial variations of
band structure, e.g., the band gap, on a nanometer scale
controlled change of the material composition. To study s
confinement potentials, experimental techniques with a s
tial resolution in the nanometer range are required. U
now, methods based on the injection of electrons, such
ballistic electron emission microscopy,1,2 which was derived
from scanning tunneling microscopy,3 or cathodolumines-
cence spectroscopy,4 have mainly been used for monitorin
the local band structure of subsurface nanostructures. H
ever, the initial energy distribution of carriers, its relaxati
toward quasiequilibrium, and the transport of carriers in
nanostructure are difficult to control in such measureme
In contrast, all-optical spectroscopy allows for resonant
citation and—thus—for generation of carriers under we
defined conditions. To make use of these advantages, on
to overcome the diffraction limit of conventional optical m
croscopy, e.g., by using near-field optical techniques wit
spatial resolution of about 100 nm.5,6 The tremendous poten
tial of near-field spectroscopy, in particular at low tempe
tures, for the microscopic analysis of semiconductor na
structures was first demonstrated in experiments on quan
wells7 ~QW’s! and quantum wires8 ~QWR’s!. Very recently,
the absorption properties of single quantum wires have b
investigated using near-field spectroscopy.9,10

In this paper, we report a study combining low
temperature near-field optical microscopy and photolumin
cence spectroscopy, to map directly the local confinem
potential of a quasi-one-dimensional~1D! GaAs structure,
i.e., a QWR. Local energetic barriers separating the QW
and the embedding QW are mapped, and their effect on
trapping of carriers from quasi-two-dimensional~2D! QW
into quasi-1D QWR states is demonstrated in experiment
variable temperatures.

The QWR structure was grown by molecular-beam e
taxy on patterned GaAs (311)A substrates at the sidewall o
15–20-nm high mesa stripes oriented along@01-1#.11 It con-
sists of a nominally 6-nm-thick GaAs QW layer clad by 5
nm-thick Al0.5Ga0.5As barriers. Formation of a sidewa
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-
e
y a
h
a-
il
as

w-

e
s.
-

-
has

a

-
-
m

en

s-
nt

R
he

at

i-

QWR arises from the preferential migration of Ga atom
within the QW layer from both the mesa top and mesa b
tom toward the sidewall. Cross-sectional TEM images11 in-
dicate that—as a result of this migration process—the Q
thickness near the sidewall increases from 6 to 13 nm. T
change in QW thickness results in a 1D confinement ove
lateral QWR width of 50 nm.

Spatially resolved near-field spectroscopic experime
were performed at temperatures between 10 and 300 K
a newly designed vacuum near-field scanning opti
microscope.12 In this instrument, subwavelength spatial res
lution is achieved by transmitting the excitation light throu
an aperture with a diameter of about 150 nm at the end
near-field fiber probe. Photoluminescence~PL! emitted by
the sample is collected in the far field in reflection geome
through a conventional microscope objective. At the te
peratures of this study, the QWR exciton diffusion length
significantly larger than the diameter of the metal-coated
ber probe. Thus a far-field collection of QWR luminescen
is only weakly disturbed by the presence of the fiber pro
The luminescence is dispersed in a 0.25-m double mo
chromator with a spectral resolution of 1.2 nm and detec
with a silicon avalanche photodiode. Different tunable las
served for excitation of the sample with powers between
and 100 nW, corresponding to very low carrier densities
104– 105 cm21.

In a first series of measurements, spatially resolved p
toluminescence excitation~PLE! spectra were recorded i
order to map the local energetics of the QWR and the e
bedding QW structure. At a sample temperature of 10 K10

the QWR emission appears as a single narrow peak cent
at 1.545 eV with a spectral full width at half maximum of
meV. The PLE spectrum is spatially confined to the QW
region, and the PLE intensity exhibits several maxima bel
the onset of QW absorption at 1.63 eV. Such peaks are
to interband transitions between the quasi-one-dimensio
valence and conduction subbands of the QWR.13 Calcula-
tions within the adiabatic approximation14 suggest that the
first peaks are due to then51 ~1.558 eV!, n52 ~1.570 eV!,
andn53 ~1.583 eV! heavy-hole to conduction-band trans
2045 © 1998 The American Physical Society
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tions. The splitting between then51 and 2 transition is on
the order of 12 meV, as expected for a QWR width of ab
50 nm. These calculations indicate a confinement poten
energy of 80 meV, in agreement with the experimental fin
ing. The lateraly dependence of the QWR confinement e
ergies of electrons and holes can be approximated asUi(y)
5« i(0)1@« i(`)2« i(0)#tanh2(ay), with a full width at half
maximum of 2 arctanh(0.5)/a of about 50 nm. This shape o
the potential is in good agreement with TEM images of t
structure.11 These images indicate a thickness variation
the GaAs layer from 6 to 13 nm over a lateral distance
about 50 nm in the QWR region. The small Stokes shift
13 meV between the first peak and the PL maximum and
small width of the PL spectrum indicate the high structu
quality of the sample. The inhomogeneous broadening of
spectra is limited by the structural properties of the cor
gated (311)A surface, showing typical corrugation lengths
about 32 Å.15 Thus emission is comprised of contribution
from different localized excitons, as observed for QW’s
low-index GaAs surfaces.16,7 Because of the short corruga
tion length, such components are not individually resolv
on a 100-nm length scale.

The spatially resolved PLE spectrum changes drastic
as the sample temperature is increased to 77 K. In Fig. 1~a!,
the luminescence intensity detected at 1.533 eV near
maximum of the QWR emission is plotted as a function
excitation energy and position as the tip is scanned perp
dicular to the QWR. The QWR PLE spectrum appears ag
as a spatially narrow peak aroundy50, slightly redshifted
with respect to the 10-K spectrum. In contrast to the lo
temperature spectrum, strong QWR luminescence is now
tected for QW excitation at energies higher than 1.6 eV a
at distancesy of severalmm away from the QWR location
The spectral shape of the PLE spectrum foryÞ0 changes
strongly with excitation position. In particular, the lowe
maximum of the PLE spectrum shifts toward higher pho
energies as the excitation tip approaches the QWR loca
at y50. In Fig. 1~b!, we present cross sections through t
image of Fig. 1~a! for different separations from the QWR o
the mesa top (y.0) ~symbols!. The peak in the spectr
which is due to the excitonic enhancement of QW absorp
shifts by about 14 meV to higher energies as one moves f
a distance ofy55.5mm to the location of the QWR. On th
mesa bottom (y,0), this shift is even more pronounce
with PLE maxima at 1.610 eV fory523.5mm and 1.628
eV for y520.4mm.

The data of Fig. 1 demonstrate that carriers locally g
erated within the QW undergo real-space transfer to the
cation of the QWR, where they are trapped into quasi-o
dimensional QWR states and contribute to the QW
emission. The time scale of real-space transfer is given
the recombination lifetime of carriers within the QW. Tim
resolved PL measurements under the same excitation co
tions give a lifetime of 1.2 ns at 77 K. This time scale
much longer than typical thermalization and cooling times
carriers in the femtosecond and picosecond regime. A
result, the carriers undergoing real-space transfer form a
siequilibrium distribution with a temperature close to latti
temperature.17

The PLE spectra recorded on the QW are closely rela
to the local QW absorption spectrum at the specific exc
t
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tion position. The results in Fig. 1~b! reveal a pronounced
excitonlike feature in the QW absorption, and a blueshift
this maximum with decreasing separation from the QW
For a quantitative analysis, we used the Elliott formula18 for
the absorption spectruma(E) of a quasi-two-dimensiona
semiconductor:

a~E!}
E

E0
F (

n50

`
4

~n11/2!3 dS D1
1

~n11/2!3D
1Q~D!

exp~p/AD!

cosh~p/AD!
G . ~1!

HereE is the excitation energy,n the quantum number of the
bound exciton states, andE0 the 2D exciton binding energy
D5(E2Eg)/E0 , with Eg being the band gap energy.Q~D!
denotes the Heaviside step function. The dominant featu
are then50 exciton absorption peak and the continuum a
sorption, i.e., the second term in Eq.~1!. At each excitation

FIG. 1. ~a! Near-field PLE spectrum at a sample temperature
77 K and a detection energy of 1.533 V, close to the maximum
the QWR emission at this temperature. Approaching the QWR
y50, one observes a pronounced blueshift of the excitonic abs
tion peak of the quantum well~QW!. ~b! Cross sections through~a!.
Near-field mesa top QW PLE spectra at fixed excitation positi
relative to the QWR location aty50 ~solid circles!. The solid lines
were calculated from Eq.~1!.
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FIG. 2. Lateral band-gap profile as obtained from an analysis of the QW PLE spectrum shown in Fig. 3. The lateral shift in excito
absorption peak corresponds to a decrease of the average QW thickness in the region close to the QWR. This thinning is
consequence of the Ga atom migration toward the sidewall during the growth process, and is most pronounced on the mesa bot
QWR confinement potential as derived from the data in~a!, and calculated energies of the 1D subbands~lines!.
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position, the spectra in Fig. 1~b! were analyzed including a
Gaussian-shaped inhomogeneous broadening of the sp
due to the interface roughness of the QW. The solid line
Fig. 1~b! represent the calculated spectra, which are in g
agreement with the experimental results. The calcula
gives the local band-gap energyEg(y) as a function of ex-
citation positiony.19 A plot of the band-gap energies of th
QW versusy is shown in Fig. 2. On each side of the wir
the potential shows two pronounced maxima, separated
approximately 1mm. On the mesa bottom (y,0) the band
gap increases by 18 meV over a length scale of about 2mm
as it approaches the QWR, while on the mesa top (y.0) the
band-gap shift is slightly less pronounced and amounts
about 14 meV.

The change in band-gap energy originates mainly from
change in the average local thickness of the QW, that
creases from about 5.6 nm on the flat-area mesa top
bottom down to 4.8 (y,0) and 5.0 nm (y.0) in the vicinity
of the wire~Fig. 2!. This thinning is a consequence of the G
atom migration toward the sidewall during the growth pr
cess, and is determined by the specific molecular-be
epitaxy growth parameters, e.g., the substrate tempera
The asymmetry in the band-gap profile on the mesa topy
.0) and bottom (y,0) is most likely related to the we
chemical etching procedure that is used to pattern the m
structure,11 and the resulting changes of the mobility of G
atoms during growth.
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Based on these results, we derive the complete con
ment potential of the quantum-well-embedded QWR. T
different spatial regions are distinguished. In the reg
uyu.100 nm, the potential can directly be taken from Fig
while in the central 100 nm aroundy50 the width of the
potential is taken from the PLE spectrum at 10 K, and in
pendently from the cross-sectional TEM images.11 In the in-
set of Fig. 2, the potential is plotted as a function ofy for the
whole interval between22 and12 mm. Using this infor-
mation and a ratio of 2:1 for the conduction-to-valence-ba
offset energy in the 2D GaAs/Al0.5Ga0.5As structure, the
quasi-one-dimensional subband structure and the inter
transition energies of the QWR can now be calculated w
the adiabatic approximation. The 1D subband energies,
sented in the inset of Fig. 2~lines!, are in agreement with th
low-temperature PLE spectrum.10 We note that Coulom
correlation effects are neglected in these calculations.

The height of the local barriers of about 15 meV is on
small fraction of the QWR confinement energy of 80 m
and the barrier maxima are separated by 1mm. As a result
the influence of the barriers on the energetic position of
lowest QWR subbands is rather small. Nonetheless, the
ence of the barriers strongly influences the carrier trans
within the sample, as is evident from the photoluminesce
measurements discussed next. Near-field PL spectra we
corded at various sample temperatures with spatially
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solved excitation at a photon energy of 1.959 eV~Fig. 3!. At
300 K @Fig. 3~a!#, QWR emission appears as a peak arou
1.47 eV. The cross section through the QWR PL spectr
shows~i! a narrow peak aty50 arising from direct QWR
excitation, and~ii ! broad tails that decay exponentially over
length of several micrometers in the QW area. This occ
rence of QWR luminescence after localized QW excitat
involves ambipolar carrier drift diffusion within the QW, an
subsequent trapping into the QWR, as was discussed in
10. The local current density that determines the car
transport is the sum of a diffusion current, arising from t
concentration gradient¹n within the samplej diff5eD¹n
and a drift currentj drift5nemeffE due to the local interna
electric fieldE ~of up to 200 V/cm! that originates from the
presence of the energetic barriers. Using the Einstein rela

FIG. 3. ~a! Near-field photoluminescence spectra of the QW
sample for localized excitation at 1.595 eV at three different sam
temperatures of 300, 100, and 10 K. The luminescence intensi
plotted as a function of detection energy~abscissa! and of lateral
distance between the QWR located aty50 and the fiber tip~ordi-
nate!. ~b! Spatial cross sections through the near-field PL spectr
the energy of the QWR emission maximum.
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j diff5meffkT¹n ~e is the electron charge,kT the thermal en-
ergy!. At 300 K, the influence of the drift current is weak
and the carrier transport is mainly of diffusive character.
ambipolar diffusion coefficient ofD512.2 cm2/s and an ef-
fective mobilitymeff5488 cm2/V s are derived from the data
This meff is close to the hole mobility in GaAs at 300 K, an
thus hole diffusion determines the real-space transfer. At
temperatures, a drastically different behavior is found. At
K @Fig. 3~c!#, QWR emission~at 1.545 eV! appears as a
single narrow peak centered aroundy50 that is well repre-
sented by a Gaussian profile of a width of about 850 nm.
10 K, the drift current in the regions of the barriers, that
opposing the diffusive motion of carriers from the point
their generation towards the QWR, is larger than the dif
sive current. Thus the real-space transfer of carriers ac
the barriers is strongly suppressed, and trapping of carr
generated within the flat area QW is prohibited. At interm
diate temperatures around 100 K@Fig. 3~b!#, the spatial de-
pendence of the QWR luminescence peak around 1.54
becomes strongly asymmetric, directly reflecting the eff
of the spatial asymmetry of the band-gap potential on
carrier transport. On the mesa bottom~y,0, barrier height
18 meV!, the QWR luminescence is significantly less inten
than on the mesa top~y.0, barrier height 14 meV!. At this
temperature, both drift and diffusive currents are of simi
magnitude, and the fraction of the carriers that can pass
barrier and relax into the QWR thus depends strongly on
strength of the local internal electric field, and thus is ma
edly different on both sides of the QWR. Because of the h
mobility of holes of about 7000 cm2/V s at 100 K and the
long 2D carrier lifetime of 1.4 ns, the diffusion length ov
which carriers are collected is about 3mm.

In conclusion, we have demonstrated the potential of lo
temperature near-field photoluminescence excitation sp
troscopy for mapping the local band profile in semiconduc
nanostructures with subwavelength spatial resolution. T
confinement potential for a quantum-well embedded Ga
quantum wire structure grown on patterned (311)A GaAs
surfaces was determined by this all-optical technique. S
low asymmetric potential barriers were identified, and t
influence of the potential on carrier transport and trapp
was directly demonstrated. Similar barriers are likely to p
an important role in the carrier transport and trapping
quantum wires grown by other techniques, in particular
those on V-shaped GaAs substrates.20 Further improvement
of near-field optical microscopy, e.g., toward higher spa
resolution, and the combination with time-resolved spectr
copy, will make this powerful technique a versatile tool f
studying the local electronic properties and carrier dynam
in semiconductor nanostructures.
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