
APPLIED PHYSICS LETTERS VOLUME 79, NUMBER 11 10 SEPTEMBER 2001
Evidence for strain-induced lateral carrier confinement in InGaAs quantum
wells by low-temperature near-field spectroscopy
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A strain-induced lateral variation of the band edges of a 10-nm-thick In0.16Ga0.84As quantum well
embedded in GaAs is achieved by patterning of a 100-nm-thick compressively strained In0.52Ga0.48P
stressor layer. The strain modulation results in a splitting of the 10 K far-field photoluminescence
~PL! spectra into two emission peaks. Spectrally resolved two-dimensional near-field PL images
establish a clear spatial and spectral separation of the two far-field PL peaks, indicating a lateral
carrier confinement with a confinement energy of about 10 meV. Finite-element calculations of the
strain distribution are used to determine the lateral band-edge shifts and are well in agreement with
the experimental findings. ©2001 American Institute of Physics.@DOI: 10.1063/1.1402638#
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It is well known that carrier confinement in two or thre
dimensions can improve the performance of semicondu
laser devices, i.e., a higher thermal stability and a hig
modal gain can be achieved.1,2 Besides the confinement i
the vertical~growth! direction, which is implemented by th
layer sequence, several concepts have been used to cre
lateral confinement. One important approach is to exp
self-organized growth of heavily strained three-dimensio
~3D! islands of active material.3 In this case, device perfor
mance still suffers from the nonuniformity of the size a
shape of the islands. Lateral confinement can also be es
lished by etching through the quantum well and subsequ
regrowth.4 The free surface or the regrown interface ca
however, act as a source for nonradiative recombination c
ters, deteriorating the device properties.5 Kash and
co-workers6,7 proposed to exploit a patterned stressor laye
order to introduce a lateral strain modulation into a bur
single quantum well~SQW! for lateral band-structure eng
neering. In this design, the SQW itself remains unaffected
the etching procedure and nonradiative recombination c
ters can be avoided. While in their case the stressor la
material was hydrogenated carbon, a semiconductor stre
layer is desirable for device applications. Sopranen, L
sanen, and Ahopelto8 used self-assembled InP islands on t
of an InGaAs SQW to achieve a lateral strain modulat
which modified the SQW photoluminescence~PL! spectra.
However, the size of the dots can change, and thus the s
modulation can be inhomogeneous. Recently, we h
shown9 that InGaP can successfully be used as a stresso
a 10-nm-thick InxGa12xAs SQW (x50.16). The stresso
pattern in our case consists of a surface grating which
prepared by holographic photolithography and subsequ
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wet-chemical etching of the InGaP. For a particular str
status in the InGaP layer before patterning («520.3%), and
a particular grating geometry, the strain distribution was c
culated using elasticity theory in a finite-element meth
~FEM! approach. The FEM results were confirmed by x-r
diffraction measurements in grazing-incidence geome
~GID!.

In this letter we demonstrate, using low-temperatu
near-field scanning optical microscopy~NSOM!, that the
strain-induced lateral band-gap variation in these samples
sults in spatially and spectrally distinct PL emission pea
indicating a lateral carrier confinement with a confineme
energy of about 10 meV.

The vertical layer sequence was grown by low-press
metalorganic vapor-phase epitaxy at 650 °C in a horizon
AIX200 reactor on an exactly oriented 2 in. GaAs~001! sub-
strate. As precursors, trimethylgallium, trimethylindium
arsine, and phosphine were used. The In0.16Ga0.84As SQW
(« II521.1%) with a thickness of 10 nm is sandwiched b
tween a GaAs buffer layer and a 10-nm-thick GaAs lay
which serves as a barrier and etch-stop layer. The 120-
thick InGaP layer on top of it with a compressive strain
« II520.3% is followed by a 10-nm-thick GaAs cap laye
The lateral surface grating with a period of 1mm and a
ridge/valley ratio of 2.7 was prepared as described in Ref
The trapezoidal grating facets have nearly$111% orientation
and the ridges and valleys run parallel to@1–10#. We have
chosen a period of 1mm to prevent lateral quantization e
fects and an overlap of the strain fields from adjacent valle
In the valleys the InGaP was completely removed down
the GaAs etch-stop layer.

Far-field PL spectra~Fig. 1! were recorded at 10 K by
using a HeNe laser with an incident power of 4 mW as
excitation source, focused down to a 0.2 mm spot. The b
tom curve shows the PL spectrum from the sample bef
il:
1 © 2001 American Institute of Physics
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patterning, exhibiting a single emission peak at 1.342 eV
expected for the In content ofx50.16 in the SQW and a ful
width at half maximum~FWHM! of 10 meV. The asymmet
ric line shape is likely to result from fluctuations of the allo
composition of the InGaP at the nanometer length scale
identified by transmission electron microscopy. After patte
ing, two peaks are resolved~top curve!, peak A at lower
energy~1.337 eV! with higher intensity and peak B at highe
energy~1.347 eV! with lower intensity.

To assign the microscopic origin of the two emissi
peaks, two-dimensional near-field PL images were recor
at 10 K with a home-built near-field microscope.10 The mi-
croscope is used in the illumination/collection geometry: T
HeNe excitation laser~1.96 eV! is transmitted through an
uncoated etched near-field fiber probe and PL is collec
back through the same fiber. Local PL spectra are acquire
each tip position with anf 550 cm monochromator in con
junction with a charge-coupled-device~CCD! camera while
scanning the tip. In this geometry we achieve a combin
spatial and spectral resolution of 150 nm and 100meV,
respectively.11 Shear-force images of the surface topograp
were recorded simultaneously with the near-field PL ima
and allowed us to correlate the optical image and sam
topography with an accuracy better than 100 nm.

Figure 2~a! shows a two-dimensional near-field PL im
age detected at an emission energyEdet of 1.337 eV, i.e., the
center of peak A in Fig. 1. In the image, the PL intensity
spectrally averaged at each tip position over a range o
meV. The tip is scanned across a 332 mm2 area comprising
three ridges and four valleys with a pixel of 60 nm. Comp
ing the near-field image to the simultaneously recorded
face topography~not shown!, we find the maximum PL in-
tensity exactly at the center of the ridge. The spec
distribution of the near-field PL at the ridge center,A(Edet),
is shown in Fig. 2~d!. It shows a single emission peak and
similar to that of the unpatterned quantum well~QW! but
blueshifted by 5 meV to 1.338 eV. Near the valley center
near-field PL spectra are strikingly different. First, the em
sion intensity atEdet51.338 eV decreases to less than 40%
its maximum value at the ridge center. This is clearly seen
Fig. 2~c!, open circles, showing a cross section through F
2~a! along a line perpendicular to the ridges. In addition

FIG. 1. 10 K far-field PL spectra of the as-grown sample~dashed line! and
the patterned sample~solid line!. The patterned sample shows two emissi
peaks, A and B, centered around 1.337 and 1.35 eV, respectively.
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the transitionA(Edet) we find a second emission componen
transition B, that shows a narrower, Gaussian-like distri
tion B(Edet) centered at 1.353 eV with a FWHM of 10 me
@Fig. 2~d!, filled circles#. The spatial distribution of this sec
ond emission component is spatially anticorrelated to tha
transition A and the maximum of the PL intensity is found

FIG. 2. ~Color! ~a! Two-dimensional image of the near-field PL intensi
distribution in the range from 1.338 to 1.340 eV~peak A!. High intensity is
found under the grating ridges.~b! Two-dimensional image of the near
field PL intensity of transition B, detected in the range from 1.351 to 1.3
eV. High intensity is found in the grating valleys.~c! Cross sections
through~a! and ~b! showing line scans along the ridge direction of the P
intensity for transitions A~open circles! and B~closed circles! and highlight-
ing the spatial anticorrelation between both emission components. A s
matic of the ridge pattern is indicated.~d! 10 K near-field PL spectra of the
patterned sample: PL spectrum of transition A, taken at the ridge ce
~open circles!; PL spectrum of transition B, taken at the valley center~filled
circles!.
P license or copyright, see http://apl.aip.org/apl/copyright.jsp
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the valley center@Fig. 2~b!#. Near the ridge center, the emi
sion intensity of transition B decreases to zero. Line sc
perpendicular to the ridge@Fig. 2~c!, filled circles# highlight
the spatial anticorrelation of the two emission component
and B. This demonstrates the existence of two spatially
spectrally distinct optical transitions in our sample and giv
direct evidence for a strain-induced lateral carrier confi
ment in the InGaAs QW. A detailed analysis of the near-fi
PL spectra indicates that the local near-field luminesce
spectra PL(Edet,x,y) are well described by a weighted sum
the two emission spectraA(Edet) andB(Edet) @Fig. 2~d!# with
space-dependent weighting coefficients similar to th
shown in Figs. 2~a! and 2~b!. The slight spatial fluctuations
of luminescence intensity along the ridge direction, the
fore, reflect local changes in the luminescence efficie
rather than spatial fluctuations of the emission spectra
observed in quantum wells showing pronounced exciton
calization under similar excitation conditions.11 The absence
of spectrally sharp emission resonances from localized e
tons in the present samples is attributed to the short s
fluctuations of the alloy composition in the InGaP stres
layers discussed above.

FEM calculations9 were performed in order to analyz
the role of patterning induced strain distribution on this l
eral confinement potential. These calculations indicate
the relaxation of the InGaP lattice parameter near the$111%
grating side facets creates an additional compressi
strained region beneath the valley. In general, compres
strain causes a blueshift of the emission from InGaAs. T
lateral shifts of conduction- and valence-band edges~x, along
the grating repetition direction! were calculated using th
local strain tensor obtained by FEM calculations in a def
mation potential ansatz3,12,13~Fig. 3!. The impact of strain on
the conduction band edge is more pronounced than on
valence-band edge. Thus, the strain influence on the op
properties can mainly be estimated from the shift of the c
duction band. A band-edge shift of about 28 meV is obtain
in the regions of maximum compressive strain located at
edges of the valleys. Inside the valley, the conduction-b
edge decreases in energy, but it is still higher than for

FIG. 3. Calculations of the conduction-~upper curve! and valence-~lower
curve! band-edge shifts as a function of the lateral position along the gra
repetition direction using deformation potential theory.
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initial ~unpatterned! structure. Beneath the ridge th
conduction-band edge is slightly lower compared to the
tial value. If electron–hole pairs are excited in such a str
ture, the carriers can diffuse freely only along the@1–10#
direction, while the potential barrier near the valley edg
hinders diffusion along the grating direction. Thus, electro
excited beneath the ridge are laterally confined due to
conduction-band potential barriers near the valley corn
These barriers also confine electrons beneath the valleys
to the band-edge difference of about 15 meV between
edges and the middle of the valley. Since a weaker bar
also exists in the valence band, electron–hole recombina
is expected either at the center of the valley or beneath
ridge. Thus, two spatially and spectrally distinct electron
transitions are expected to originate from the region bene
the ridges and the region beneath the valleys, respectiv
These theoretical predictions are in excellent agreement
the experimentally observed spatial anticorrelation of pe
A and B, spectrally separated by about 10 meV and loca
under the grating ridges and valleys, respectively.

In conclusion, we have demonstrated an approach
lateral band-gap modulation of an InGaAs single quant
well by a patterned InGaP stressor layer. Strain relaxatio
the facets of a lateral surface grating gives rise to spati
and spectrally distinct optical transitions and lateral carr
confinement with a confinement energy of about 10 m
This is in accordance with FEM simulations of the stra
distribution within the sample and directly evidenced
low-temperature near-field photoluminescence spectrosc
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