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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-thigk{B®& g,/As quantum well
embedded in GaAs is achieved by patterning of a 100-nm-thick compressively strajagslayy P
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. @001 American Institute of Physic§DOI: 10.1063/1.1402638

It is well known that carrier confinement in two or three wet-chemical etching of the InGaP. For a particular strain
dimensions can improve the performance of semiconductastatus in the InGaP layer before patternieg=(—0.3%), and
laser devices, i.e., a higher thermal stability and a highen particular grating geometry, the strain distribution was cal-
modal gain can be achievéd.Besides the confinement in culated using elasticity theory in a finite-element method
the vertical(growth) direction, which is implemented by the (FEM) approach. The FEM results were confirmed by x-ray
layer sequence, several concepts have been used to creatdiffraction measurements in grazing-incidence geometry
lateral confinement. One important approach is to exploi{GID).
self-organized growth of heavily strained three-dimensional In this letter we demonstrate, using low-temperature
(3D) islands of active materidlln this case, device perfor- near-field scanning optical microscogNSOM), that the
mance still suffers from the nonuniformity of the size andstrain-induced lateral band-gap variation in these samples re-
shape of the islands. Lateral confinement can also be estabults in spatially and spectrally distinct PL emission peaks,
lished by etching through the quantum well and subsequerihdicating a lateral carrier confinement with a confinement
regrowth? The free surface or the regrown interface can,energy of about 10 meV.
however, act as a source for nonradiative recombination cen- The vertical layer sequence was grown by low-pressure
ters, deteriorating the device propertleskash and metalorganic vapor-phase epitaxy at 650 °C in a horizontal
co-worker§’ proposed to exploit a patterned stressor layer inAIX200 reactor on an exactly oriented 2 in. G4881) sub-
order to introduce a lateral strain modulation into a buriedstrate. As precursors, trimethylgallium, trimethylindium,
single quantum wellSQW) for lateral band-structure engi- arsine, and phosphine were used. Thg;§6a, gAs SQW
neering. In this design, the SQW itself remains unaffected bye, = —1.1%) with a thickness of 10 nm is sandwiched be-
the etching procedure and nonradiative recombination cerween a GaAs buffer layer and a 10-nm-thick GaAs layer,
ters can be avoided. While in their case the stressor layarhich serves as a barrier and etch-stop layer. The 120-nm-
material was hydrogenated carbon, a semiconductor stressthiick InGaP layer on top of it with a compressive strain of
layer is desirable for device applications. Sopranen, Lip<,=—0.3% is followed by a 10-nm-thick GaAs cap layer.
sanen, and Ahopeffaised self-assembled InP islands on topThe lateral surface grating with a period of dm and a
of an InGaAs SQW to achieve a lateral strain modulationridge/valley ratio of 2.7 was prepared as described in Ref. 9.
which modified the SQW photoluminescen@®l) spectra. The trapezoidal grating facets have negdg1} orientation
However, the size of the dots can change, and thus the straénd the ridges and valleys run parallel[tb-10. We have
modulation can be inhomogeneous. Recently, we havehosen a period of km to prevent lateral quantization ef-
showr that InGaP can successfully be used as a stressor féects and an overlap of the strain fields from adjacent valleys.
a 10-nm-thick InGa_,As SQW (=0.16). The stressor In the valleys the InGaP was completely removed down to
pattern in our case consists of a surface grating which wathe GaAs etch-stop layer.
prepared by holographic photolithography and subsequent Far-field PL spectrdFig. 1) were recorded at 10 K by
using a HeNe laser with an incident power of 4 mW as the
dAuthor to whom correspondence should be addressed; electronic maiﬁ"XCitation source, focused down to a 0.2 mm spot. The bot-
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FIG. 1. 10 K far-field PL spectra of the as-grown samfglashed lingand
the patterned samplgolid line). The patterned sample shows two emission
peaks, A and B, centered around 1.337 and 1.35 eV, respectively.
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patterning, exhibiting a single emission peak at 1.342 eV, as
expected for the In content af=0.16 in the SQW and a full
width at half maximumFWHM) of 10 meV. The asymmet-

ric line shape is likely to result from fluctuations of the alloy
composition of the InGaP at the nanometer length scale as
identified by transmission electron microscopy. After pattern-
ing, two peaks are resolvedop curve, peak A at lower
energy(1.337 eV} with higher intensity and peak B at higher ..."'"_"rr \::f \;{ %
energy(1.347 eV} with lower intensity. '-_ o Koo %,

To assign the microscopic origin of the two emission 0.0 L"tmuet 1 et i Cepe |
peaks, two-dimensional near-field PL images were recorded 0.0 1.0 2.0 3.0
at 10 K with a home-built near-field microscofeThe mi- Position x (”m}
croscope is used in the illumination/collection geometry: The - - - i
HeNe excitation laset1.96 eV} is transmitted through an (d) 1.0r
uncoated etched near-field fiber probe and PL is collected s
back through the same fiber. Local PL spectra are acquired at i
each tip position with arf =50 cm monochromator in con- _Es;
junction with a charge-coupled-devi¢€€ECD) camera while >
scanning the tip. In this geometry we achieve a combined E
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spatial and spectral resolution of 150 nm and 108V,

respectively! Shear-force images of the surface topography £
were recorded simultaneously with the near-field PL images .

and allowed us to correlate the optical image and sample 132 1.34 1j§5 1.38

topography with an accuracy better than 100 nm. Detection Energ‘,r e
Figure Za) shows a two-dimensional near-field PL im- { VJ
age detected at an emission enekgy; of 1.337 eV, i.e., the _ _ _ _ : _
f k Ain Fig. 1. In the image. the PL intensit iSF-IG'- 2. _(Co!or) (a) Two-dimensional image of the near-_fleld_ PL |r_1ter_15|ty
center of pea g. L ge, Y 1S gistribution in the range from 1.338 to 1.340 édeak A. High intensity is

spectrally averaged at each tip position over a range of Zund under the grating ridges.(b) Two-dimensional image of the near-
meV. The tip is scanned across & 3 ,umz area comprising field PL intensity of transition B, detected in the range from 1.351 to 1.353

; ; ; _eV. High intensity is found in the grating valleys(c) Cross sections
three rldges and four vaIIeys with a plxel of 60 nm. Compar through(a) and(b) showing line scans along the ridge direction of the PL

ing the near-field image to the Si_mUItaneOUSI_y recorde_d SUlntensity for transitions Aopen circlesand B(closed circlesand highlight-

face topographynot shown, we find the maximum PL in- ing the spatial anticorrelation between both emission components. A sche-

tensity exactly at the center of the ridge. The Spectramatic of the ridge pattern is indicated(d) 10 K near-field PL spectra of the
s . . . patterned sample: PL spectrum of transition A, taken at the ridge center

FiIStrIbutIO_n Of_ the near-field PL a_lt the rldge _CemA(Edeo’ . (open circleg PL spectrum of transition B, taken at the valley certfitied

is shown in Fig. 2d). It shows a single emission peak and is circleg.

similar to that of the unpatterned quantum welW) but

blueshifted by 5 meV to 1.338 eV. Near the valley center thethe transitionA(E.) we find a second emission component,

near-field PL spectra are strikingly different. First, the emis-transition B, that shows a narrower, Gaussian-like distribu-

sion intensity aE4—1.338 eV decreases to less than 40% oftion B(E4e) centered at 1.353 eV with a FWHM of 10 meV

its maximum value at the ridge center. This is clearly seen ifiFig. 2(d), filled circleg. The spatial distribution of this sec-

Fig. 2(c), open circles, showing a cross section through Figond emission component is spatially anticorrelated to that of

2(a) along a line perpendicular to the ridges. In addition totransition A and the maximum of the PL intensity is found at
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—/—————\, / initial (unpatterned structure. Beneath the ridge the
0110 conduction-band edge is slightly lower compared to the ini-
g Conduction band tial value. If electron—hole pairs are excited in such a struc-
0095 ] ture, the carriers can diffuse freely only along tHe-10|

s 0090 ,__/ direction, while the potential barrier near the valley edges
2 gﬁ: z hinders diffusion along the grating direction. Thus, electrons
% P l; 2 i 3 B . excited .beneath the nd_ge are .Iaterally confined due to the
conduction-band potential barriers near the valley corners.

§ These barriers also confine electrons beneath the valleys due
0025 | to the band-edge difference of about 15 meV between the
Valence band (hh) edges and the middle of the valley. Since a weaker barrier

- . . ‘ , . ' also exists in the valence band, electron—hole recombination

% 4 2 0 2 4 6 is expected either at the center of the valley or beneath the
x (100nm) ridge. Thus, two spatially and spectrally distinct electronic

. . transitions are expected to originate from the region beneath

FIG. 3. Calculations of the conductiofdpper curve and valence{lower . . .
curve band-edge shifts as a function of the lateral position along the gratingh€ ridges anq the region beneth the valleys, resF’eC“V?'y-
repetition direction using deformation potential theory. These theoretical predictions are in excellent agreement with
the experimentally observed spatial anticorrelation of peaks

. . . A and B, spectrally separated by about 10 meV and located
the valley centefFig. 2(b)]. Near the ridge center, the emis- under the grating ridges and valleys, respectively.

sion intensity of transition B decreases to zero. Line scans In conclusion, we have demonstrated an approach for
perpendicular to the ridgkFig. 2c), filled circled highlight lateral band-gap modulation of an InGaAs single quantum

thedsgafll_z;\]l_ ar;tlcorrelst;ltl?n OIhthe tW(t) emlss;otn comp(t)_nﬁnts ell by a patterned InGaP stressor layer. Strain relaxation at
andB. 'Nis demonstrates e existence of o spatially aNthe facets of a lateral surface grating gives rise to spatially

spectrally distinct optical transitions in our sample and gives,\y gpecirally distinct optical transitions and lateral carrier

direct evidence for a strain-induced lateral carrier conflne—Confinement with a confinement energy of about 10 meV.

ment in the InGaAs QW. A detailed analysis of the near'f'eldThis is in accordance with FEM simulations of the strain

spectra PLE 4,%,y) are well described by a weighted sum of
the two emission spectra(Ey.) andB(Eye) [Fig. 2(d)] with
space-dependent weighting coefficients similar to those The authors gratefully acknowledge the financial support
shown in Figs. 2a) and 2b). The slight spatial fluctuations of the work by Deutsche Forschungsgemeinschaft under
of luminescence intensity along the ridge direction, there-Contract Nos. Tr 357 and Pi 217, by Contract No. SFB 296
fore, reflect local changes in the luminescence efficiencyand the European Union through the EFRE program, and the
rather than spatial fluctuations of the emission spectra, a@MR Network Ultrafast Quantum Optoelectronics for one of
observed in quantum wells showing pronounced exciton lothe authors (G.C), and a Marie Curie Fellowship
calization under similar excitation conditiohsThe absence (ERB4001GT975127for one of the author§V.E.). The au-

of spectrally sharp emission resonances from localized excthors thank A. Klein for the transmission electron micros-
tons in the present samples is attributed to the short scaleopy investigations.
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