PHYSICAL REVIEW B VOLUME 58, NUMBER 4 15 JULY 1998-II

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[ S0163-1828)05827-3

The low-dimensional confinement of carriers in semicon-QWR arises from the preferential migration of Ga atoms
ductor nanostructures is based on spatial variations of theithin the QW layer from both the mesa top and mesa bot-
band structure, e.g., the band gap, on a nanometer scale byam toward the sidewall. Cross-sectional TEM imdges-
controlled change of the material composition. To study sucldicate that—as a result of this migration process—the QW
confinement potentials, experimental techniques with a spahickness near the sidewall increases from 6 to 13 nm. This
tial resolution in the nanometer range are required. Untichange in QW thickness results in a 1D confinement over a
now, methods based on the injection of electrons, such dateral QWR width of 50 nm.
ballistic electron emission microscopy,which was derived Spatially resolved near-field spectroscopic experiments
from scanning tunneling microscopyer cathodolumines- were performed at temperatures between 10 and 300 K with
cence spectroscoffyhave mainly been used for monitoring a newly designed vacuum near-field scanning optical
the local band structure of subsurface nanostructures. Hownicroscopé? In this instrument, subwavelength spatial reso-
ever, the initial energy distribution of carriers, its relaxationlution is achieved by transmitting the excitation light through
toward quasiequilibrium, and the transport of carriers in thean aperture with a diameter of about 150 nm at the end of a
nanostructure are difficult to control in such measurementsear-field fiber probe. Photoluminescengd.) emitted by
In contrast, all-optical spectroscopy allows for resonant exthe sample is collected in the far field in reflection geometry
citation and—thus—for generation of carriers under well-through a conventional microscope objective. At the tem-
defined conditions. To make use of these advantages, one hasratures of this study, the QWR exciton diffusion length is
to overcome the diffraction limit of conventional optical mi- significantly larger than the diameter of the metal-coated fi-
croscopy, e.g., by using near-field optical techniques with der probe. Thus a far-field collection of QWR luminescence
spatial resolution of about 100 nii.The tremendous poten- is only weakly disturbed by the presence of the fiber probe.
tial of near-field spectroscopy, in particular at low tempera-The luminescence is dispersed in a 0.25-m double mono-
tures, for the microscopic analysis of semiconductor nanoehromator with a spectral resolution of 1.2 nm and detected
structures was first demonstrated in experiments on quantumith a silicon avalanche photodiode. Different tunable lasers
wells’ (QW’s) and quantum wirés(QWR’s). Very recently, served for excitation of the sample with powers between 10
the absorption properties of single quantum wires have beeand 100 nW, corresponding to very low carrier densities of
investigated using near-field spectroscSpy. 10°~1¢ cm .

In this paper, we report a study combining low- In a first series of measurements, spatially resolved pho-
temperature near-field optical microscopy and photoluminestoluminescence excitatiofPLE) spectra were recorded in
cence spectroscopy, to map directly the local confinementrder to map the local energetics of the QWR and the em-
potential of a quasi-one-dimensiondlD) GaAs structure, bedding QW structure. At a sample temperature of 18 K,
i.e., a QWR. Local energetic barriers separating the QWRhe QWR emission appears as a single narrow peak centered
and the embedding QW are mapped, and their effect on that 1.545 eV with a spectral full width at half maximum of 8
trapping of carriers from quasi-two-dimension@D) QW  meV. The PLE spectrum is spatially confined to the QWR
into quasi-1D QWR states is demonstrated in experiments akgion, and the PLE intensity exhibits several maxima below
variable temperatures. the onset of QW absorption at 1.63 eV. Such peaks are due

The QWR structure was grown by molecular-beam epito interband transitions between the quasi-one-dimensional
taxy on patterned GaAs (31A)substrates at the sidewall of valence and conduction subbands of the QWRalcula-
15—-20-nm high mesa stripes oriented al¢@g-1].1* It con-  tions within the adiabatic approximatithsuggest that the
sists of a nominally 6-nm-thick GaAs QW layer clad by 50- first peaks are due to the=1 (1.558 eV}, n=2 (1.570 eV,
nm-thick AlysGaygAs barriers. Formation of a sidewall andn=3 (1.583 eV} heavy-hole to conduction-band transi-

0163-1829/98/5@1)/20455)/$15.00 PRB 58 2045 © 1998 The American Physical Society



2046 CH. LIENAU et al. PRB 58

tions. The splitting between the=1 and 2 transition is on
the order of 12 meV, as expected for a QWR width of about
50 nm. These calculations indicate a confinement potential
energy of 80 meV, in agreement with the experimental find-
ing. The lateraly dependence of the QWR confinement en-
ergies of electrons and holes can be approximated; &g)
=g{(0)+[&i(*) — £;(0)]tantt(ay), with a full width at half
maximum of 2 arctanh(0.5% of about 50 nm. This shape of
the potential is in good agreement with TEM images of this
structuret! These images indicate a thickness variation of
the GaAs layer from 6 to 13 nm over a lateral distance of
about 50 nm in the QWR region. The small Stokes shift of 1.55 1.57 1.59 1.61 1.63
13 meV between the first peak and the PL maximum and the Excitation Energy (eV)
small width of the PL spectrum indicate the high structural
quality of the sample. The inhomogeneous broadening of the (b)
spectra is limited by the structural properties of the corru-
gated (311A surface, showing typical corrugation lengths of
about 32 A!® Thus emission is comprised of contributions
from different localized excitons, as observed for QW’s on
low-index GaAs surface®:’ Because of the short corruga-
tion length, such components are not individually resolved
on a 100-nm length scale.

The spatially resolved PLE spectrum changes drastically
as the sample temperature is increased to 77 K. In Kaj, 1
the luminescence intensity detected at 1.533 eV near the
maximum of the QWR emission is plotted as a function of
excitation energy and position as the tip is scanned perpen-
dicular to the QWR. The QWR PLE spectrum appears again 157 158 159 160 161 162 163
as a spatially narrow peak arougd-0, slightly redshifted Excitation Energy (eV)
with respect to the 10-K spectrum. In contrast to the low-
temperature spectrum, strong QWR luminescence is now de-
tected for QW excitation at energies higher than 1.6 eV and

at distancey of severalum away from the QWR location. 77 K and a detection energy of 1.533 V, close to the maximum of
The spectr_al shape _of the PLE spectrum yor O changes QWR emission at this temperature. Approaching the QWR at
strongly with excitation position. In particular, the lowest y_q one observes a pronounced blueshift of the excitonic absorp-
maximum of the PLE spectrum shifts toward higher photonjon peak of the quantum wel@W). (b) Cross sections through).
energies as the excitation tip approaches the QWR locatiofear-field mesa top QW PLE spectra at fixed excitation positions
aty=0. In Fig. 1(b), we present cross sections through therelative to the QWR location at=0 (solid circle3. The solid lines
image of Fig. 1a) for different separations from the QWR on were calculated from Eq1).

the mesa top y(>0) (symbolg. The peak in the spectra

which is due to the excitonic enhancement of QW absorptioRjon position. The results in Fig.(h) reveal a pronounced
shifts by about 14 meV to higher energies as one moves frorgycitonlike feature in the QW absorption, and a blueshift of
a distance of/=5.5um to the location of the QWR. On the  this maximum with decreasing separation from the QWR.
mesa bottom ¥<0), this shift is even more pronounced, For a quantitative analysis, we used the Elliott formifar
with PLE maxima at 1.610 eV foy=—3.5um and 1.628 the apsorption spectrum(E) of a quasi-two-dimensional

eV fory=-0.4um. _ semiconductor:
The data of Fig. 1 demonstrate that carriers locally gen-

erated within the QW undergo real-space transfer to the lo-
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FIG. 1. (a) Near-field PLE spectrum at a sample temperature of

cation of the QWR, where they are trapped into quasi-one- i 4 1
dimensional QWR states and contribute to the QWR “(E)“E_O & (n+1/2)°3 sl A+ (n+1/2)3
emission. The time scale of real-space transfer is given by

the recombination lifetime of carriers within the QW. Time- exp( 7/ \A)

resolved PL measurements under the same excitation condi- +OA) ———————|. D
tions give a lifetime of 1.2 ns at 77 K. This time scale is costi/\A)

much longer than typical thermalization and cooling times of

carriers in the femtosecond and picosecond regime. As HereE is the excitation energyl the quantum number of the

result, the carriers undergoing real-space transfer form a quéound exciton states, arit} the 2D exciton binding energy.

siequilibrium distribution with a temperature close to lattice A= (E—Ey)/Eq, with E4 being the band gap energp(A)

temperaturé’ denotes the Heaviside step function. The dominant features
The PLE spectra recorded on the QW are closely relatedre then=0 exciton absorption peak and the continuum ab-

to the local QW absorption spectrum at the specific excitasorption, i.e., the second term in EJ). At each excitation
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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 excitonic QW
absorption peak corresponds to a decrease of the average QW thickness in the region close to the QWR. This thinning is a direct
consequence of the Ga atom migration toward the sidewall during the growth process, and is most pronounced on the mesa bottom. Inset:
QWR confinement potential as derived from the datéain and calculated energies of the 1D subbaffides).

position, the spectra in Fig.()) were analyzed including a Based on these results, we derive the complete confine-
Gaussian-shaped inhomogeneous broadening of the specirent potential of the quantum-well-embedded QWR. Two
due to the interface roughness of the QW. The solid lines injifferent spatial regions are distinguished. In the region
Fig. 1(b) represent the calculated spectra, which are in gooqiy|>1oo nm, the potential can directly be taken from Fig. 2,
agreement with the experimental results. The caIcuIationh”e in the central 100 nm aroung=0 the width of the
gives the local band-gap energ(y) as a function of ex- potential is taken from the PLE spectrum at 10 K, and inde-

citation positiony.® A plot of the band-gap energies of the : . b .
W is sh in Fig. 2. h si ; penden_tly from the croes-eechonal TEM |maQ fn the in-
QW versusy is shown in Fig On each side of the wire, t of Fig. 2, the potential is plotted as a functiorydbr the

the potential shows two pronounced maxima, separated b _ . o
approximately um. On the mesa bottomy& 0) the band ho_Ie interval betweer‘rz and +2 um. _Usmg this infor-
gap increases by 18 meV over a length scale of abquin2 mation and a ra}tlo of 2:1 for the conduction-to-valence-band-
as it approaches the QWR, while on the mesa top@) the ~ Offset energy in the 2D GaAs/AlGa As structure, the
band-gap shift is slightly less pronounced and amounts tfluasi-one-dimensional subband structure and the interband
about 14 meV. transition energies of the QWR can now be calculated within
The change in band-gap energy originates mainly from dhe adiabatic approximation. The 1D subband energies, pre-
change in the average local thickness of the QW, that desented in the inset of Fig. @nes), are in agreement with the
creases from about 5.6 nm on the flat-area mesa top arldw-temperature PLE spectruth.We note that Coulomb
bottom down to 4.8%<0) and 5.0 nmy>0) in the vicinity ~ correlation effects are neglected in these calculations.
of the wire(Fig. 2). This thinning is a consequence of the Ga  The height of the local barriers of about 15 meV is only a
atom migration toward the sidewall during the growth pro-small fraction of the QWR confinement energy of 80 meV,
cess, and is determined by the specific molecular-beanand the barrier maxima are separated byri. As a result,
epitaxy growth parameters, e.g., the substrate temperaturthe influence of the barriers on the energetic position of the
The asymmetry in the band-gap profile on the mesa top ( lowest QWR subbands is rather small. Nonetheless, the pres-
>0) and bottom y<0) is most likely related to the wet ence of the barriers strongly influences the carrier transport
chemical etching procedure that is used to pattern the mesaithin the sample, as is evident from the photoluminescence
structuret! and the resulting changes of the mobility of Ga measurements discussed next. Near-field PL spectra were re-
atoms during growth. corded at various sample temperatures with spatially re-
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T T J it = meKTVN (e is the electron chargdT the thermal en-
ergy). At 300 K, the influence of the drift current is weak,
and the carrier transport is mainly of diffusive character. An
: ambipolar diffusion coefficient ob=12.2 cnt/s and an ef-
‘ ] fective mobility u.s=488 cnf/V s are derived from the data.
k N This u is close to the hole mobility in GaAs at 300 K, and
1.46 1.49 1.52 1.55 1.58 4 2 o0 2 4 thus hole diffusion determines the real-space transfer. At low
ORlecllonEneiey (V) - cogie  TP.r oo () temperatures, a drastically different behavior is found. At 10
. i K [Fig. 3(c)], QWR emission(at 1.545 eV appears as a
- single narrow peak centered aroupe O that is well repre-
= sented by a Gaussian profile of a width of about 850 nm. At
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10 K, the drift current in the regions of the barriers, that is,
opposing the diffusive motion of carriers from the point of
[ their generation towards the QWR, is larger than the diffu-
157 455, 158 A8 S '2 ] (') = P sive current. Thus the real-space transfer of carriers across
Detection Energy (V) Tip Position (um) the barriers is strongly suppressed, and trapping of carriers
T=10K generated within the flat area QW is prohibited. At interme-
RN L diate temperatures around 100[Rig. 3(b)], the spatial de-
pendence of the QWR luminescence peak around 1.54 eV
' becomes strongly asymmetric, directly reflecting the effect
, of the spatial asymmetry of the band-gap potential on the
‘ 1 carrier transport. On the mesa bottqyn<0, barrier height
- 18 meV), the QWR luminescence is significantly less intense
Lok 157 “LBD: A5 4 2 0 2 4 than on the mesa tofy>0, barrier height 14 me)\ At this
Detection Energy (eV) PFRstem temperature, both drift and diffusive currents are of similar
magnitude, and the fraction of the carriers that can pass the
barrier and relax into the QWR thus depends strongly on the
FIG. 3. (a) Near-field photoluminescence spectra of the QWRSstrength of the local internal electric field, and thus is mark-
sample for localized excitation at 1.595 eV at three different sampleedly different on both sides of the QWR. Because of the high
temperatures of 300, 100, and 10 K. The luminescence intensity imobility of holes of about 7000 cffV s at 100 K and the
plotted as a function of detection ener@bscisspand of lateral  long 2D carrier lifetime of 1.4 ns, the diffusion length over
distance between the QWR locatedyat O and the fiber tifordi-  which carriers are collected is aboutu®n.
natg. (b) Spatial cross sections through the near-field PL spectra at |n conclusion, we have demonstrated the potential of low-
the energy of the QWR emission maximum. temperature near-field photoluminescence excitation spec-
troscopy for mapping the local band profile in semiconductor
solved excitation at a photon energy of 1.959 @. 3. At nanostructures with subwavelength spatial resolution. The
300 K [Fig. 3@], QWR emission appears as a peak aroundtonfinement potential for a quantum-well embedded GaAs
1.47 eV. The cross section through the QWR PL spectrumgquantum wire structure grown on patterned (311paAs
shows(i) a narrow peak ay=0 arising from direct QWR surfaces was determined by this all-optical technique. Shal-
excitation, andii) broad tails that decay exponentially over a low asymmetric potential barriers were identified, and the
length of several micrometers in the QW area. This occurinfluence of the potential on carrier transport and trapping
rence of QWR luminescence after localized QW excitationwas directly demonstrated. Similar barriers are likely to play
involves ambipolar carrier drift diffusion within the QW, and an important role in the carrier transport and trapping in
subsequent trapping into the QWR, as was discussed in Rejuantum wires grown by other techniques, in particular in
10. The local current density that determines the carriethose on V-shaped GaAs substrat®urther improvement
transport is the sum of a diffusion current, arising from theof near-field optical microscopy, e.g., toward higher spatial
concentration gradienVn within the samplej #=eDVn resolution, and the combination with time-resolved spectros-
and a drift currentj4ix=neusE due to the local internal copy, will make this powerful technique a versatile tool for
electric fieldE (of up to 200 V/cm that originates from the studying the local electronic properties and carrier dynamics
presence of the energetic barriers. Using the Einstein relatioim semiconductor nanostructures.
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