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

Microphotoluminescence spectroscopy of vertically stacked iGa; _,As/GaAs quantum wires
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Disorder and spectral broadening of vertically stacked InGaAs/GaAs V-grooved quantum wires have been
investigated by means of microprobe luminescence. We show that the main spectral broadening mechanism
originates from monolayer fluctuations at the bottom of the wire. A direct evidence of monolayer height islands
of area 440 nm formed at the bottom of the grooves is provided by atomic force microscopy. Lateral and
vertical wire-to-wire fluctuations are found to be negligible on the micron sga163-18208)06827-1

I. INTRODUCTION Il. EXPERIMENTAL

The samples investigated in this paper were verti-

Size fluctuations and inhomogeneous size distributiorcally stacked InGaAs/GaAs quantum wires grown by subat-
cause important broadening in the optical spectra of nananospheric pressure metal-organic chemical vapor de-
structures, particularly in conventional spatially integratedposition (MOCVD) on patterned100 undoped GaAs. The
experiments, in which a large laser spot, of typical 108  substrates were patterned by holographic lithography fol-
diameter, excites simultaneously thousands of wires antbwed by anisotropic wet chemical etching in a 0.75 mol/liter
dots. Broadening of the order of 10 meV or more are usualllKHCO;:H,0, solution(1:1). The resulting surface consisted
obtained even in state of the art nanostructures having sizef an array of V-shaped grooves parallel to {lod-1] crys-
fluctuations reduced to less than 10%. Microprobe spectrogallographic direction with pitch periodicitflateral periodic-
copy is the method of choice for the selective investigationty) of 700 nm and depth of about 250 nm. The angle of the
of very few (eventually singlg nanostructures. This allows grooves was varied between 90° and 1B@Srresponding to
one to drastically reduce the effects of the size distribution(111)A and (411A crystallographic plandsby a suitable
and to study the optical transitions of individual wires andchoice of the etching solution. This allowed us to fabricate
dots, thus measuring the intrinsic linewidth of the structure V-shaped quantum wires either with crescent profiles or with
The resulting optical spectra are therefore dominated by thalmost constant thickness. The nominal width of the
homogeneous linewidth of the state and by the size fluctuano.1dGa.90AS layers and GaAs barriers was 6 and 20 nm,
tion occurring in the profile of the individual nanostructure. respectively. A typical cross section of the wires is shown in
For the specific case of quantum dots it is nowadays demorf=ig- 1. Confinement occurs at the vertex of the V-shaped
strated that the single dot spectrum obtained by microphotgstructure due to the discontinuity in the profile and to the
luminescenceMPL) spectroscopy exhibits atomiclike lines local increase of thlckness at the vertex. The structure was
with sub-meV linewidth whereas the conventional photolu-Claddecj by a 0.qum thick GaAs layer. Single InGaAs wires
minescencgPL) spectra exhibit broad bands given by the Vere also grown for reference. Due to the small In content

o these quantum wires are rather shallow. The lateral confine-
envelope of the emission spectra of many dafts quantum . ment potential is of the order of 60 meV for the electrons,

wires the situation is _spmewhat more compllcated th_an "hnd the intersubband splitting is of the order of 6 meV. How-
quantum dots. ”.‘ addition fo the wire-to-wire ﬂUCtuat'onS'ever, the excellent morphology of these structures results in
one has to consider the presence of one degree of freedogy o mely low injection current for the quantum wire elec-
for the electron motion which allows the diffusion of carriers troluminescencébelow 300 A/cm?) and in very narrow lu-

in the wires on the micron scafeln this work we have minescence linewidth{below 6 meV (Ref. 3] at low
studied high-quality vertically stacked V-shaped InGaAs/temperature$. This makes these samples very interesting
GaAs quantum wires by submicron spatially resolved lumi-systems for the study of disorder by microprobe spectros-
nescence. The aim of the work is to elucidate the impact Of:opy. Larger subband splittingip to 25 meV(Refs. 4—7]
wire to wire fluctuationg(either vertical and lateraland of  and deep confinement potential were obtained in wires with
diffusion on the broadening of the optical spectra. The exiarger In content. However, under this condition we have
perimental details are described in Sec. Il. The results arelear evidence that In interdiffusion and alloy broadening are
presented in Sec. Il and discussed in Sec. IV. In Sec. V wehe main disorder sources, and it is very difficult to investi-
draw our conclusions. gate selectively the effects of the wire to wire fluctuations.
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dotted curves represent the Lorentzian deconvolution of the MPL
spectrum collected under edge excitation. The dashed-dotted curve
is the total line-shape fitting. The temperature is 10 K.
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ization parallel and perpendicular to the wire axis. The spec-
tra exhibit a sharp GaAs exciton from the barrier layer, and a
weaker absorption continuum in the quantum wire region
L — with distinct quantum wire resonances. Tihe 1 andn=2
820 830 840 850 860 transitions of the wires were deconvoluted by a Gaussian
line-shape fitting procedure, and were found to have a split-
ting of about 5 meV. Furthermore, they exhibit about 15%
o relative intensity variation when the laser polarization is
FIG. 1. Spatially integrated PLE and PL spectra recorded fofo 4464 from parallel to perpendicular to the wire axis. Such
polanzatpn paralle| and perpendlf:ular to the wire axis. The tem-jarization is due to the well known mixing of the valence
perature is 10 K The arrows indicate the quantized states. Inse tates induced by the lateria}=7/d momentum shared at
TEM cross section of the wires. - . .
k,=0 and is usually considered as a direct consequence of
The microphotoluminescence setup consisted of & 50 the one-dimensional properties of the structure. The spectral
objective(numerical aperture 0.42nd a collecting lens sys- broadening of the PL spectra amounts to about 6 meV at 10
tem providing a spatial resolution of 0/8m under He-Ne K, and is due to both the wire-to-wire fluctuations and to the
excitation. The spatial resolution was just enough to excitanicroscopic disorder within each individual wire. In our
the individual grooves of periodicity 0.4m, containing one  structures, we have to distinguish between the lateral size
or more vertically stacked dots. The collected |uminescencﬁ]homogeneitXSize fluctuations of wires in adjacent groyes
was analyzed by a monochromator coupled to an InGaAgnd vertical inhomogeneitydifferences between stacked
photomultiplier tube. A 3Qum pin hole in the image plane of \ires in the same grooye
the system was scanned across the magnified image of the The results of the MPL experiments are exemplified in
luminescence spot with a resolution of Qu8n in order to g 2 \here we compare the luminescence spectra of the

probe the density profile across the excited area and the difze ticaly stacked wires taken under top and edge excitation.

fusion of carriers far away from the spot center. The focusmgl-he main results are as follows
system was also equipped with a high precision translator (i) There is no substantial narrowing of the MPL line-

(resolution .O'S‘fm) allowing us to Igterally map the lumines- idth even though the laser spot excites a single groove. The
cencle _orlgmatmgl from lr;elghbc;]rmg Ogersoove\s/. me spectTa pectra indeed exhibit the same linewidth of the spatially
reso utklont W?slg v'\éa)_/s ett%r tt' an o. Imted' | € dsampleﬁtegrated PL, both under top and edge excitation. We should
were kept a In-a vibration Insuiated closed CyCle antion that clear single dots lines were observed in a ref-

cry%s]tat? | ited with the liah . erence sample containing luminescent quantum®datsler
e samples were excited with the light propagation VeC;qanica excitation and alignment conditions, thus ruling out

tor parallel(top excitatior) or perper!diculgr to the growth possible malfunctions of the microprobe setup.

axis (edge exc_lt_atloh The latter configuration has been ob- (i) There is no change in the MPL linewidth of the single
tained by exciting the sample on the cleaved edge. In alénd vertically stacked wireee Fig. 3

mea;urements the power deﬁnsﬂy was kept carefully c_o_nstant (iii) A clear shift of the MPL band is seen depending on
(equivalent to about 100 W crf) so that the energy position o propagation direction of the exciting bedtop or edge
of the luminescence energy was not changed by the screegs qitation. In particular in edge configuration the lumines-
ing of the internal piezoelectric fielg@ausing a well resolved cence of then=2 excited state is dominathis point will
blueshift with increasing carrier densjfy be discussed at the end of Sec).IV

Points (i) and (ii) indicate that both the lateral and the
vertical wire-to-wire fluctuations are irrelevant on the micron

In Fig. 1 we show the photoluminescence excitationscale. This is clearly demonstrated in Fig. 3 where we show
(PLE) spectra of the vertically stacked wires taken for polar-the energy position and the linewidth of the MPL taken from

Wavelength (nm)

lll. RESULTS
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Number of grooves measured by scanning the detection pin h@mpty circle in the

insey far away from the center of the excitation sgghill circle in

FIG. 3. Energy of thex=1 andn=2 transitions of the wires the inset along the infinite quantum wire axis.
(full dots in the bottom panel and left axismeasured in different
individual grooves by scanning the sample surface with the microthe order of 3.5um. This value reduces to aboufuin if we
probe setup. The empty dots represent the energy position of th@ccount for the heavy-hole diffusion and the eventual forma-
spatially integrated luminescence bands. The top panel displays thon of excitons. This is clearly seen by displacing the pin
full width at half maximum(FWHM) of the ground level emission hole far away from the spot center along the wire axis, where
band measured in each individual grooifell squares and right the carrier density reduces progressively due to diffusion.
axis). The empty symbol is the FWHM of the conventional PL.  ynder this condition the screening of the internal piezoelec-

tric field is also reduced and the luminescence is redshifted

different individual grooves of a single wire structutender  due to the stronger Stark shift induced by the built-in field.
top excitation. The scanning resolution of 0,6m allowed  For displacements of aboutdm away from the spot center
us to probe adjacent individual grooves as well as distanjve indeed measure a redshift of the MPL of about 2 meV.
grooves(up to about 15 grooves far away from the origin  Moreover, removing the pin hole from the image plane al-
The energy position of the first and second quantum wirgows us to collect all the luminescence signal from the center
subbands were obtained by the deconvolution of the MPLlof the spot and from the diffusion region. The overall shift of
spectra(see Fig. 2 In most cases a Lorentzian line-shapethe luminescence in this case corresponds to about 1.5 meV,
fitting was found to reproduce quite well the MPL barids. and is related to the average density of carriers distributed
Both then=1 andn=2 states exhibit a variation of less than across the diffusion area.
1 meV over several tens of investigated grooves. Similarly These results indicate that diffusion along the wire axis
the full width at half maximun{FWHM) of the single wires  spreads the carrier distribution over an area which is larger
ranges between 5 and 6.2 mewp panel of Fig. 8 The  than the excitation spot. In the diffusion process carriers un-
measured FWHM values are very similar to those obtainediergo localization at disorder, resulting in a broadening of
in the vertically stacked wires or by the conventional spathe optical spectra, somehow limiting the effective spatial
tially integrated PL(empty symbols in Fig. Bdemonstrating  resolution of the experiment. In order to suppress the effect
the excellent lateral homogeneity of the investigatedof diffusion, we have also fabricated isolated square mesas of
samples. We can conclude that the wire-to-wire fluctuationgubmicron size by lithography and wet chemical etching.
should introduce a spectral broadening of the order of 1 me\&ince the size of the mesa was comparable to the laser spot,
in the spatially integrated PL spectra. a homogeneous carrier density without diffusion was ob-

Another important piece of information obtained by the tained under optical excitation. Under this condition the lu-
MPL concerns diffusion. The possibility of mapping the minescence spectra again showed a peak at the ground level
emission spectrum across the excitation area allowed us ¥nergy with a linewidth of the order of 6 meV. This experi-
probe the diffusion of carriers through the spread of the lument confirmed that the spectral broadening does not origi-
minescence. The main results about this point are as followsate from the localization of carriers spread by the diffusion

(iv) A clear redshift of the luminescence was observedn different regions of the quantum wires.
when the pin hole was displaced far away from the spot
center(see Fig. 4.

(v) An overall redshift of the luminescence was observed
without a pin hole in the image plane. The results presented in the previous section unambigu-
Point (iv) indicates that carriers diffuse along the infinite ously indicate thatl) lateral and vertical wire-to-wire fluc-
axis of the wire, as already clearly observed in Ref. 2. Astuations are not responsible for the spectral broadening of the

suming a mean thermal velocity of carriers of®ifin/sec  quantum wire luminescence af@) diffusion does not influ-
and a recombination time of 350 pmeasured in Ref.)Ave  ence the spectral broadening of the emission. This suggests
obtain an upper limit for the diffusion length of electrons of that the actual disorder occurs on a scale length considerably

IV. DISCUSSION
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' ' ' ‘ ‘ values of the order of 1-4 monolaydi®., less than 1.2 nm

8 1 thickness fluctuationoccurring at the vertex of the groove
6} \ - (y=0, dot9 and along the side wallsyt0, squares
Clearly the effect of disorder at the bottom of the groove is
4r 3L i more relevant as compared to fluctuations in the V profile
s 2t . along the side walls. Though with a strong approximation,
2 . 8L, we might expect that 2 monolayers fluctuations in the wire
< o ——— } thickness at the bottom of the groove originate a spectral
2 2l ] broadening of the order of 6 meV, i.e., comparable to the
5 measured value. Similar thickness variations along the side-
4r by 1 walls would affect the MPL linewidth much less. These re-
\‘/V sults indicate that broadening in the optical spectra of our
di i quantum wires mainly comes from thickness fluctuations of
8t ] few monolayers height and lateral extension well below 1

S um, occurring at the bottom of the bent quantum wélThe
' 2 A 0. 1 2 existence of monolayer steps is inherent to the step-flow na-
Thickness Fluctuation (Monolayers) ture of the MOCVD growth adopted for the fabrication of

. . our wires. In order to confirm our assumptions we have thus
FIG. 5. Spectral broadening of the luminescence versus the P

thickness fluctuatiofin number of monolayejsat the bottom of the (p:lif&r)mgg earlfr%ne’]gfts rgﬁogmgiz lztorrlllgn tl]:?rzc?/virzlgt? Eg?upri
groove(circles and along the side wallsquares The inset shows P gle q

schematically the thickness fluctuations on the wire cross section3"OWN without the topmost GaAs barrier. Under this condi-

tion we have directly studied the monolayer planarity of the

shorter than 1um in quantum wires, so that submicron Iu- InGaAs wire at the bottom of the groove. Atomic force m_i—
minescence of individual grooves does not provide a reliabl&"°SCOPY measurements were taken on the surface of a single
identification of the disorder mechanism. Compositional disi"0.15&.9As wire capped by only 1 nm of GaAs to avoid
order has been carefully studied in our INGaAs quanturr?“rface reconstruction. Measurements performed with atomic
wells, and is found to be controlled withitt0.1% in the
rangex=0.12 This is supported by the observation of typical
linewidths below 2 meV in the absorption and luminescence
spectra of our Ip,:Ga As quantum wells. Moreover, our
results have been confirmed by additional MPL observations
performed on other InGaAs wires and on GaAs wires grown
on patterned substrates and/or on Si@atrices>® There-
fore other broadening mechanisms such as the thicknes:
fluctuations in the single wire profile have to be accounted
for in order to understand our results. Since the lateral po-
tential profile originates from the local variation of thickness
occurring at the bottom of the groove with respect to the side
walls, we can write a simple one-dimensional model in
which the lateral potentia¥/(y)=f[L,(y)] is a function of ™
the thickness of the bent quantum well at different lateral
positions in the groovef ,(y), y being the lateral coordi-
natd. The fluctuations in the wire profile are reflected in
random variations of , at differenty positions[SL,(y), see
inset of Fig. 3. The disorder induced change in the potential

is thus given by o y X

(y) 0.7nm

dVv
Vdis(y)zv(y)iT oL,(y). 1

10.3 nu

5.2 nu

nM

5.0

PuttingV; in the Schrdinger equation we obtain the varia- . . .
tion of the ground level eigenstates due to the size fluctua- ' °© 10:0 0.0 30.0 49:0
tions. In order to further simplify the calculation we separate

the effect of size fluctuations at the bottom of the groove
(y=0) and along the side wally/&0). Fory=0, the prob-

-5.0

b)

- . i FIG. 6. Surface topography of the bottom of a single InGaAs
lem is equivalent to the well known case of the well width g,;3nt4m wire. The measurement was performed in atomic resolu-

fluctuations along the growth axis. FéL variations occur-  tjon by a Digital Nanoscope Illa microscope equipped withAan
ring at lateraly positions in the groove, we note that thesescanner(X sensibility 2.757 nm/V.Y sensibility 3.113 nm/V.Z
cause local variations of the lateral potential hEIth, which insensibi"ty 1.77 nm/Y. The cross section profiléb) reveals the
turn cause only small variations of the ground level. A roughformation of distinct islands of monolayer height extending over
estimate of these contributions is given in Fig. 5, #lr,  about 40 nnx40 nm.
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resolution evidence the presence of 1 and 2 monolayers high V. CONCLUSIONS
islands in the bottom of the grooves extending over areas of . : . . .
the order of 40 nm 40 nm. A typical image of the wire sur- In c_onclusmn we have investigated the opt.|cal propgrtles
face at the bottom of the groove and of its cross section i?f vertlcall_y stacked InGaAs/GaAs quantum wires by micro-
shown in Fig. 6. Steps of the order of 0.35 and 0.72 nm aré)robe Iu_mlnescence. We demonstratgd that the broademng of
clearly observed thus confirming the interpretation givenih® optical spectra comes from thickness fluctuations of
above. Clearly the lateral size of the island cannot be remonolayer height and lateral extension of about 40 nm,
solved individually by the submicron probe used in our ex-mainly occurring at the bottom of the groove. The systematic
periment, and can be considered as a form of microscopignalysis of several samples either with single or vertically
disorder which broadens the optical spectra already on thetacked wires in each groove, revealed that the wire-to-wire
micron scalewhich adds to compositional disorder fluctuations, either lateral or vertical, are not responsible for
Before concluding we would like to briefly comment on the observed spectral broadening. The effect of carrier diffu-
point (iii) of Sec. Ill. The unique possibility of exciting a sion along the infinite axis of the wires has been monitored
single groove along the cleaved edge of the sample revealgtrough the changes in the screening of the internal piezo-
that the final state of recombination changes with the direcelectric field (resulting in a redshift of the MPLoccurring
tion of the exciting beam in our wires. The Lorentzian de-along the diffusion path of carriers. Presumably, near field
convolution of the spectra shown in Fig. 2 demonstrates thgtiminescence methods should be applied in order to resolve

for top excitation the strongest emission comes from thehe microscopic morphology of our wires and to resolve the
ground level state=1 of the wires and a weak=2 emis-  homogeneous linewidth of the transitions.

sion is observed at higher energy. For excitation along the
infinite axis of the wiregedge excitationthen=21 emission

is strongly reduced whereas the=2 state is enhanced. By
applying the selection rules of the quantum wéflsye note
that the increasing light-hole character of the 2 wire state One of the authorgR.C) gratefully acknowledges the
causes the enhancement of the corresponding dipole matridniversity of Tokyo for the hospitality during his stay in
element for propagation along the basal plane of the quantudapan. This work was partly sponsored by the Research for
well (parallel to the infinite wire axjs whereas the heavy- Future Program of the Japan Society for the promotion of
hole-like ground-state is favored for propagation along theScienceqGrant No. JSPS-RFTF96P0020&nd University
growth axis. This result evidences the increasing heavykdustry Joint on Quantum Electronics, and by INFM of
hole—light-hole mixing occurring in the higher index statesltaly (Progetto Sud Quantum wires V grooved for optoelec-
of quantum wires. A much stronger anisotropy should beronic applications Thanks to Dr. Someya for help during
observed in strongly confined wires with larger intersubbandhe experiments, to Professor Sakaki for useful discussions,
splitting and mixing. Work in this direction is presently un- and to D. Cannoletta and A. Melcarne for expert technical
derway in our laboratories. help.
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