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Band-gap renormalization of modulation-doped quantum wires
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We measure the photoluminescence spectra for an array of modulation doped,T-shaped quantum wires as a
function of the one-dimensional densityne , which is modulated with a surface gate. We present self-consistent
electronic structure calculations for this device which show a band-gap renormalization which, when corrected
for excitonic energy and its screening, are largely insensitive tone and which are in quantitatively excellent
agreement with the data. The calculations show that electron and hole remain bound up to;33106 cm21 and
that, therefore, the stability of the exciton far exceeds the conservative Mott criterion, as determined from the
Bethe-Salpeter equation.
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Exchange and correlation~XC! in an electron gas formed
in a semiconductor act to counter the direct Coulomb in
action by reducing the inter-particle overlap. For two co
ponent systems, such as the electron-hole plasma creat
optical experiments, this effect tends to produce a band-
renormalization~BGR! with increasing densityne and/ornh ,
reducing the energy of photons emitted upon recombina
from the band edges.1 Exciton formation further reduces th
band gap but exciton binding is weakened by mobile char
so the trend with density opposes that of XC induced BG
Investigations of the band gap, which has a pivotal dep
dence on the dimensionality of the system, is of interest b
for its significance to optical technology and for the illum
nation it provides for the many-body problem. Consequen
there are numerous experimental and theoretical studie
BGR which have focused on systems of successively lo
dimension over the past several years.2–4

For one-dimensional systems, or quantum wires~QWRs!,
recent experimental and theoretical accounts have begu
clarify the often competing effects which result in dens
dependent changes to the observed photoluminesc
energy.5–10 In general, BGR depends on the densities,ne and
nh , of both components of the electron-hole plasma. Ty
cally, however, research has concentrated on intrin
samples whereinne5nh5n. One difficulty with this ap-
proach has been that in order to varyn, increased photoex
citation power or time-resolved measurement as the exc
tion subsides have been required. Thus the observed sp
are complicated by highly nonequilibrium effects such
phase space filling. In this paper we present an experime
study of the evolution of the photoluminescence energy i
dopedand gated T-shaped QWR, which allows modulatio
of ne without increased photoexcitation. Our structure~see
Fig. 1!, fabricated via the cleaved edge overgrow
techniques11 has appreciable advantages. It provides wires
high precision, with structural variations restricted to t
monolayer regime. In addition, it permits the comparison
wire and quantum-well photoluminescence in a sin
sample.

To complement the measurements, we perform s
consistent electronic structure calculations within dens
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functional theory~DFT! for this structure, using the local
density approximation~LDA ! for XC, Vxc . The theoretical
band-gap renormalization, which is usually calculated w
many-body techniques, is equivalent to thedifferencebe-
tween the LDA calculated band-gap and that calcula
within a pure Hartree approximation, which omits theVxc
term. We have further calculated the effect of exciton form
tion and its screening on the band gap, using a simplifi
model potential with parameters derived from the DFT c
culation.

Our principle result is that, as with experiments on tw
component plasma in V-groove wires,6 the photolumines-
cence peak position is largely insensitive to density. The c
culated screening of the exciton reduces the binding ene
with a functional form that neatly cancels most of the X
induced BGR, predicting a recombination energy in excell
agreement with experiment. Additionally, the appearance
sharp structure in the photoluminescence~PL! data, indicat-
ing recombination from excitons localized at monolayer p
tential fluctuations, which gradually vanishes with increas
ne , supports this BGR1exciton screening model. The calcu
lation suggests that the exciton remains bound for very h
density, also in agreement with Ref. 6, however the sh
structure disappears at much lower density,ne;1
3106 cm22, indicating delocalization of the exciton. Alter
natively, the disappearance of sharp structure could re
from broadening due to density induced dephasing.

The cleaved edge overgrowth technique employed for
QWR structure has been described in detail elsewhere.11 Our

FIG. 1. Sample schematic showing the multiple, para
T-shaped QWRs formed at the intersection of the edges of the m
tiple quantum wells~MQWs! with the single, modulation-doped
quantum well~SQW! in the overgrowth layer~not true scale!.
©2002 The American Physical Society04-1
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structure consists of 22 periods of~001!-oriented GaAs
(5 nm)/Al0.32Ga0.68As (44 nm) quantum wells~multiple
quantum wells, MQWs!, grown between two digital alloys
with 90 periods of GaAs (2 nm)/Al0.32Ga0.68As (8 nm)
each. These digital alloys permit us to observe the PL fr
the overgrowth single quantum well~SQW!, which is de-
fined by growing along the@110#-crystal axis 5 nm GaAs, a
30 nm Al0.35Ga0.65As spacer, a silicon d doping
(n-modulation doping!, and 70 nm Al0.35Ga0.65As. After both
growth steps, 10 nm thick cap layers are added, which
not included in Fig. 1.T-shaped QWRs form with atomi
precision at each 535 nm2 wide intersection of the SQW
with one of the multiple quantum wells.12,13

To continuously vary thene in the QWRs and the SQW
we evaporate a 10 nm thick, semitransparent titanium g
on the surface of the overgrowth layer of a second se
samples. When the gate is grounded, the electron densi
the SQW and in the QWRs are close to that of the unga
samples.

To maximize spatial resolution of the photoluminescen
PL and photoluminescence excitation~PLE! spectroscopy,
we focus the excitation beam of a tunable cw dye las
pumped by an Ar-ion laser, with a microscope objective o
the sample, which is attached inside a cryostat to a cop
block at the nominal temperature 5 K. On the sample,
diameter of the almost diffraction-limited laser spot amou
to about 800 nm full width at half maximum. A confoca
imaging system guarantees that only PL limited to the la
spot region is detected.

For both ungated and gated samples, PLE spectra re
that, due to an electron transfer from the doping layer i
the SQW, an electron system is generated both in the S
between digital alloy and overgrowth spacer, and in
QWRs.

Exciting an ungated sample on the (11̄0) surface, we are
able to identify the QWRs PL because it is localized exac
and exclusively at the intersecting region of single and m
tiple quantum wells and is emitted at lower energy than
PL of the SQW and the MQWs.14 Of course, individual
QWRs cannot be resolved, since they are spaced by 44
only, with respect to a spatial resolution of our instrument
about 800 nm, however the region of the wires~intersection
of SQW and MQW! can be resolved from the region whe
only the SQW is present. In order to interpret the PL li
shape of then-modulation-dopedT-shaped QWRs, we com
pare it with the line shape ofintrinsic T-shaped QWRs, as
shown in Fig. 2~the curves are aligned horizontally so th
the peaks coincide!. Interface roughness, particularly in th
~110!-oriented single quantum well,15 results in an inhomo-
geneously broadened, on average symmetric PL line of
intrinsic QWRs. The spectrally sharp peaks on the PL l
are attributed to excitons localized at monolayer poten
fluctuations.16 In the presence of free carriers as mention
above, however, this signature of bound excitons vanis
indicating exciton delocalization or density dependent dam
ing. Furthermore, the asymmetric PL line shape indicates
formation of a 1D electron plasma in our modulation dop
QWRs and band-to-band transitions between electrons o
Fermi sea and photogenerated holes. The Maxw
20130
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Boltzmann distribution of the photogenerated holes and
joint one-dimensional density of states;1/AE7 result in a
decreasing recombination rate with increasing transition
ergy, assuming a constant transition-matrix element
k-conserving band-to-band recombinations.7 In k space, these
transitions occur from theG point of the first Brillouin zone
up to the Fermi wave vector. Thus, above the exciton reco
bination energy, which continues to mark the peak of
excitation, the wide high energy tail is clear evidence of t
continuum in the conduction band resulting from the dopin
Note that deviation from the;1/AE dependence of the join
DOS, which can result from Coulomb effects or inhomog
neities, will not change the qualitative nature of these c
clusions.

We note that according to simulation results,17 only elec-
trons in the first wire subband have maximum probabil
density at theT intersections. Electrons in the second su
band are localized principally between pairs of
T-intersections and have negligible overlap with the h
wave functions, which are more strongly localized at t
junctions~due to higher effective mass!. Therefore recombi-
nation from higher subbands is not expected to contribute
the asymmetry in the PL line shape.

For the gated sample~Fig. 3!, excitation is performed
from the ~001!-sample surface. This permits us to obser
simultaneously and compare the PL of the QWRs~peak on
low energy side! and the SQW~high side! between digital
alloy and overgrowth spacer. This also requires that for e
mating the peak position of the wires we must deconvolve
line and the line from the quantum well. Applying a negati
gate voltage relative to the electron system, the charge d
sity in both the wires and the single quantum well is reduc
In Fig. 3, we have converted applied gate voltage into el
tron density per unit length for the QWRs and per unit a
for the SQW. The bottom spectra of Fig. 3 displays the
sponse for complete depletion as confirmed by a serie
PLE measurements. Further increasing the depletion vol
changes neither the PL peak position, nor, qualitatively,
PL line shape; giving additional evidence that the electro
are totally depleted. With decreasing electron density, the
lines of both the QWRs and the SQW narrow slightly, whi

FIG. 2. Comparison between normalized PL line shapes of
trinsic and n-modulation doped T-shaped QWRs (n;1
3106 cm21). Peaks aligned for comparison. Excitation and det
tion polarizations chosen parallel to the QWRs, consistent with F
3. To detect only the QWRs PL and to avoid an overlap with
SQW PL, as in Fig. 3, excitation is performed on the (110) surfa
Excitation power is 1mW, excitation energy is 1656 meV.
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is consistent with a reduction of the Fermi wave vector
both the QWRs and the SQW. At low densities sharp pe
showing localized excitons are again evident, this time
the gated sample, in both the wire and the well photo
sponse.

For the SQW the peak position, obtained by a sim
line-shape fit, is redshifted by about 5–6 meV~Fig. 4! as the
2D electron density,Ne , is increased from zero to about
31011 cm22 ~this range, and the 1D density range from 0
13106 cm21 correspond to a gate voltage range of@-5.2,0#
V!. Correcting for the energy shift due to the quantum co
fined Stark effect,18 the residual shift, due to 2D BGR
amounts to about 561 meV, in good agreement with earlie
results for ann-modulation-doped quantum well.19 The indi-

FIG. 4. Electron density dependence of the energetic peak p
tions of the QWRs~squares! and the SQW~dots, upper density
scale!, obtained by a simple line-shape fit of the spectra in Fig
Error bars indicate the uncertainty in determining the peak p
tions. The calculated LDA band gap~heavy line! and the exciton
binding energyEB ~hollow triangles, right scale! combine to pro-
duce the corrected gap~solid inverted triangles! which fits the data
remarkably well. Note an overall offset is arbitrary due to t
choice of the bulk band gap.

FIG. 3. Normalized and offset PL spectra ofn-modulation
doped QWRs and the SQW. We have increased the excitation p
to 11 mW because of the lower PL intensity in this geometry. T
excitation energy is 1645 meV, the detected polarization lies pa
lel to the QWRs.
20130
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cated tolerance takes into account the uncertainty in de
mining the real PL peak position, as two PL lines overlap
Fig. 3.

The principle result of Fig. 4, however, is the striking
weak variation of the peak position for the QWRs asne

varies. The overall shift of only about 3 meV, when the ele
tron density is increased from zero to about 13106 cm21, is
similar to results found for wires with a two compone
plasma in high excitation.6

The observation is in excellent agreement with the va
tion of the band gap determined by the LDA calculati
when the excitonic screening correction is included. The
tails of our calculation, which are based on a total free
ergy functional for the interacting wire-gate system20 are dis-
cussed in a separate publication.17 In Fig. 4 we plot the
variation of the translationally invariant band gap, the calc
lated exciton binding energy, and the combination of the t
as a function ofne . Clearly, without the screening of th
exciton, the band-gap variation disagrees markedly w
measurement. The variation of the exciton binding, howev
is functionally nearly the inverse of the band-gap variatio
with variation at lowne strongest in both cases. The result
a close cancellation and a trend withne that recapitulates the
data with remarkable fidelity.

Note that for densities above;53105 cm21 the second
electron subband is expected to begin filling.17 However, our
BGR calculations take all occupied subbands into acco
and the additional screening of the exciton binding ene
due to electrons in higher subbands, which we do not
clude, should be negligible since the higher subband oc
pancy remains small in this range.

A similar cancellation of exciton binding energy and BG
has been derived recently by Das Sarma and Wang4 using the
dynamically screened Bethe-Salpeter equation, for the c
of a two-component, neutral plasma~i.e. for ne5nh). How-
ever one striking contrast between our results and thos
Ref. 4 is that, up to our highest densityne533106 cm21,
we find that the electron and holeremain bound, whereas
those authors find a merging of the exciton with the co
tinuum, a so-called ‘‘Mott transition,’’ in the range of 0.
3106 cm21. Previous calculations employing the statica
screened Bethe-Salpeter equation have determined a
density of;73105 cm21 in quasi-1D.3 The robustness o
the exciton revealed in our calculations emerges from
requirement of orthogonality between the free, screen
electrons and those bound to the hole; a constraint whic
not maintained in the many-body calculation.

We note that the density functional method includes au
matically the full non linear effects of screening, wherea
many-body calculations often assume linear screening
hence are not valid in the low density limit. It is in the lo
density regime where BGR and the excitonic binding ene
change most rapidly with density. The strong tendency
cancel suggests a fundamental connection between the
processes. The exchange portion of the energy, which do
natesVxc at low density, varies as2r1/3. Therefore a1r1/3

dependence for the screened exciton interaction is sugge
although we do not have a fundamental argument for thi
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In conclusion, we have presented photoluminesce
measurements of a modulation-doped and surface g
T-shaped quantum wire which exhibit a weak dependenc
the peak position on the density of conduction-band el
trons in the wire. We have also reported on densi
functional calculations for the structure which show a ban
gap renormalization of;210 meV over the range o
,

of

.

a
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measured densities. A calculation of the excitonic bindi
energy and its screening shows a complementary trend to
BGR such that the combined results are largely insensitiv
ne and agree well with the observed line peak. Finally, w
find that while the exciton binding weakens with density,
nonetheless remains bound up tone533106 cm21, sug-
gesting an excitonic stability well in excess of the Mo
criterion.
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