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Band-gap renormalization in modulation-doped In,_,Ga,As/GaAs V-shaped quantum wires
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We have investigated the quasi-one-dimensional electron plasma confined in modulation doping
In,_,GaAs/GaAs V-shaped quantum wires. The band-gap renormalization is extracted from the optical spec-
tra and compared to a suitably developed theoretical model. We find that band-gap renormalization is reduced
in one-dimensional systems as compared to quantum WellK.63-182808)00543-§

I. INTRODUCTION Si-doped GaAs, 6-nm GaAs space layer, a single 3-nm
(nominal width Ing ,Ga, /As well, 6-nm GaAs space layer,
Recently there has been increasing interest in the probler®0-nm Si-doped GaAs, and 30-nm GaAs cap layer. Details
of many-body effects and band-gap renormalization in oneen the growth can be found in Ref. 9. Three samples with the
dimensional  structures® Most of the experimental same structure and different doping density were grown:
results'~ point towards a band-gap renormalization smallersample A with 3x 10'%/cm?®; sampleB with 6x 10/cn;
than in quantum wells at any carrier density. The lack ofgnq sampleC with 7x 10'%cm®. An undoped structure with
strong band-gap renormalization also raises the interestingmijar layer sequence was also grown as a reference. The
question about the excitonic character of the spontaneouygpatterned region of the samples was used to measure the
and stimulated emission in quantum wires. On the othegpecira of the planar quantum wells, in order to compare the

hand, previous theories developed for many-body effects ig,antum-well and quantum-wire BGR fabricated under iden-
quasi-one-dimensional structures predict rather large bang;.g growth and doping conditions.

. '8 . A i ) )
gap shrlnkggé, and clearly show many-body-induced exci-  The photoluminescence and excitation photoluminescence
ton screening at high densﬁy;ven though there is a general gxneriments were performed by using a Ti:sapphire laser as
consensus about the reduction of band-gap renormalizatiofciting source. The emitted light was dispersed and detected

(BGR) in low-dimensional systems, the quantitative assesspy g double 0.85-m monochromator equipped with a photon
ment of the density dependence of the BGR in quamu”&:ounting acquisition module.

wires is still a subject of debate.

In this paper, we present the quantitative determination of
band-gap renormalization in modulation doping V-shaped
In, _,GaAs/GaAs quantum wires. The careful control of the
n-type plasma density confined in the ground state of the The 10-K photoluminescend®Ll) and excitation photo-
wire is exploited to investigate the changes of the opticaluminescencéPLE) spectra of the modulation doping wires
properties of the nanostructure induced by many-body efare shown in Fig. 1. All the measured PL spectra show the
fects. The density dependence of the band-gap renormalizemission band of the quantum-wire plasma around 1.47 eV,
tion is obtained from the analysis of the optical spectra, exthe GaAs barrier emission around 1.518 eV, and a carbon
ploiting the exact knowledge of the doping density related transition around 1.494 eV. With increasing plasma
introduced by the growth, and is compared to a purposelylensity, the quantum-wire emission band redshifts, broadens,
developed theoretical model, based on the random-phase agad loses intensity. The many-body effects on the absorption
proximation. The comparison between theory and experiprofile of the wires are clearly seen in the PLE spectra of Fig.
ments clearly indicates that band-gap renormalization for the. The PLE spectrum of samp(@ shows two well-resolved
electron plasma does not exceed 10 meV for carrier densitiag@sonances around 1.474 and 1.489 eV, which are ascribed to
of the order of 18 cm™, consistent with the qualitative the n,=1 andn,=2 levels in the wire. At intermediate
indications recently reported in the literatéir® in narrow  plasma density, the PLE spectrum of samplexhibits a
wires. Both the absolute values and the density dependengsrtially bleached absorption edge shifted to higher energy
of the BGR of the quantum wires are thus found to bewith respect to sampl€. In this case, then, =1 state is

lll. RESULTS

smaller than in quantum wells. partially filled, and a Burnstein-Moss shift of the order of 10
meV is seen between PL and PLE. At the highest density
L. EXPERIMENT (3x10'® cm 3, corresponding to approximately 1

x10° cm™! in the wire the conduction-band states are

The V-shaped quantum wires were grown by metalfilled, and the Fermi edge lies close to the edge of the
organic chemical-vapor deposition on patterned GaAs subguantum-wire barrier. Under this condition, the quantum-
strates. The patterned substrates were fabricated by holesre absorption is totally bleached, up to about 1.5 eV, and
graphic photolithography and wet-chemical etching. Thethe Burnstein-Moss shift exceeds 25 meV. We also note a
grown structures consist of 50-nm GaAs buffer layer, 20-nmgeneral degradation of the PLE profile, which is affected by
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142 144 146 148 150 1.52 FIG. 2. Band-gap renormalizatigBGR) of quantum wire$1D,
ENERGY (eV) squaresand quantum well$2D, dotg, Burnstein-Moss shift of the

wires (BMS, downward triangles and Fermi energy of the wires
(Fit, diamond$ as a function of the electron plasma density. The
continuous and dashed lines represent the BGR calculated accord-
ing to our theoretical model for quantum wires and quantum wells,
respectively(see text. The dotted lines are guides for the eye.

FIG. 1. PL(thick solid lines and PLE(thin solid lineg spectra
of the modulation-doping quantum-wire samples at 10 K. The
power density is 10 W/cf The low-energy shoulder of the PL
spectrum of samplé€ is due to impurity related transitions and
readily disappears with increasing the excitation intensity.

. . with respect to the pre-existing electron-density.

a strong broadening even at the barrier edges, probably due \yith these important parameters fixed, the line-shape
to impurity interdiffusion. _ analysis becomes a simple fitting procedure in which the
In order to get qugntltatlve mf(_)rmatlon on the plasmaggRr is the only physical free paramet@esides the ampli-
parameters we have fitted the PL line shap¢iw)] of the  tude parameter, which does not bring any physical informa-
modulation doping wires and of their reference guantumion and is used to match the intensity of the calculated and

wells by the usual statistical recombination motiél;®**  measured spectraThe dotted line in Fig. 1 represents the
L(fw)=g(ho,I')f(fiw)fy(fiw), where partial lifting ofk  pest fit to one of the PL spectra, which describes quite rea-
conservation is accounted for by a Gaussian convolution o§onably the optical spectra by using the nominal density
the one- and two-dimensional joint density of stadéswl’)  parameterd® As expected, the energy position of the renor-
for the quantum wires and quantum wells, respectively. Thenalized band gap falls in the low-energy tail of the lumines-
typical broadening parameterwas found to be in the range cence band.PL spectra measured up to 80 K were also
of 3—4 meV for all samplesf, andf;, are the Fermi distri- analyzed, showing similar results. Beyond this temperature
bution functions for the electrons and holes, respectivelythe emission was dramatically reduced due to thermal escape
The main advantages of using modulation doping structuregs carriers outside the wire.

are that the carrier density is known from the doping density |n Fig. 2 we plot the one-dimensionélD, squaresand

with gOOd accuracv and the electron plasma is thermalized two-dimensional(2D, dotg BGR values versus the p|asma
at the crystal temperature. This reduces the number of fregensity_ The band_gap renormalization was obtained by com-
parameters adopted in the line-shape fitting of the PL spegarison with then,=1 state of the undoped sample. The
tra, and minimizes the artifacts of the fitting procedure. InBurnstein-Moss shift evaluated by the difference between the
partiCUIar, our Iine'Shape flttlng was performed aSSUming fenormalized band_gap edge and the edge of the PLE
carrier temperatureT(;) of the order of 1 meV, because of curvé (downward triangles in Fig. )2is consistent with

the extremely low cw excitation power used in the experi-zero-temperature one-dimensional Fermi energies obtained
ments, which ensures thdi is of the same order of the py the nominal carrier density valudkg(N)=7NP/2]
lattice temperatureT;=10 K). Correspondingly, the quasi- (diamonds in Fig. 2 with an indetermination of the order of
Fermi level of the electrons was calculated according to thg . This indetermination is indicated by the horizontal er-
usual zero-temperature expressidig, = (7:2/m)N?® and  ror bars in the BGR of Fig. 2. The vertical error bars in the
F1P=(7272/8m¢)(NP)? for the two-dimensional and one- BGR values represent the best-fit accuracy in the band-gap
dimensional electron plasma, respectively, taking the nomieetermination.

nal doping densityN scaled in one- and two-dimensional A band-gap renormalization of a few meV is observed
units. The hole Fermi level was assumed to be zero, becausmder our experimental conditions. The measured BGR val-
the photoinjected hole density is supposed to be negligibleies are smaller than those observed in the quantum well. At
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the highest plasma density (K1CP c_m‘l) the quantum- 1 1 2 (a,N)
wire BGR amounts to 7.65 meV, which puts an upper limit N = = —=1-— (4
of about 15 meV for the neutral electron-hole plasma of den- €, 1-TI(q,N)V(a) wq(a,N)

sity of the order of 18 cm™2 in the wires. This should be
compared to about 25 meV for @h plasma confined in the
corresponding quantum wells at comparable density. These 20N — 2 ¥ 2
experimental data indicate that BGR is reduced in the wires wq(N)_“’pl(q_’N)[lJraB”\(q,N)]JrC(q)E , (5
with respect to the reference quantum wells. This is in agreewhere C(q) = Aqud'mveﬁ(q)/(thy) A gim=1/47r in three
ment with the early results reported in Ref. 2, where thedimensionsA 4,= 1/27 in two dimensions, and 4,=1 in
quantum-wire BGR, extracted by a multiparameter line-one dimensionag="7%2%¢,/me?, Ry= me'/242€3, and
shape fitting procedure, was smaller than the BGR found in

the reference quantum well. In that case however, the wires_ €0\ dim off,

had still some two-dimensional characteectangular wires ~ M(d,N)= gﬁ Y (Q)k(N)E

of lateral width~55 nm) and the measured BGR was close
to the 2D limit (around 20 meV at high densjty

The plasmon frequency is given by

2

im— q
X 4+ 5/(:2 27(dim—2)/4 Jl_’_ —
[9"+(6/c)7] T ()2

In order to quantitatively analyze these data we have cal- k(N)=2(1—exp{—#*[k(N)]?/2m}).
culated BGR in our V-shaped modulation doping quantum i
wires and in the reference modulation doping quantum wells. "€ plasma frequency is
For that purpose, we have developed a multidimensional the- 2 _ dim 2\ seff
oretical model that describes the BGR for systems of arbi- pi(0N) = [Ke(N) JTHA i@V @) /m, ©®
trary dimensionality. In our model, we describe the many-In Eq. (6), 1/8=KgT is the thermal energy of the particles,
body interactions in the frame of random-phasek.(N) is the self-consistent Fermi wave vector as a function
approximation(RPA). The correction to the eigenenergies of the carrier densityN) and thermal energy. Our treatment
(self-energy?,) is obtained by adding the ring-diagram con- does not depend on the effective expression for the bare Cou-
tribution to the correlation energy, and the exchange term dbmb matrix element, and for the case of a one-dimensional

IV. DISCUSSION

first order, i.e., plasma we adopt the simplest hypothesis of separable con-
finement in a quantum wire, and we choose a square-well
V(|ﬁ|) confinement along the growth directidn) and parabolic
S(kw)=3 f G(k—q,0—a), confinement along the latergldirection. The expression of
2m 1-11(q,a)V(|q|) " the bare Coulomb matrix element turns out to be
1
- veiqy= 25 L[ [y WEry?)f dyd
whereV(q) is the matrix element of the bare Coulomb in- (a)= e Qo Jo o(aVx“+y9)f(x)g(y)dydx,
teraction,G(k, a) is the Green’s propagator, aif(q, a) is 7

the longitudinal polarizability function of semiconductors. where
We have obtained an analytical expression for the longitudi-

nal polarizabilityI1(qg,«) in the frame of the RPA: 0= g@(m—x/z)}—2%/2(1)[0[“_)(_)()/\/5]
I1(d, @) =Np(1— N1 )| d(ha—Eq+id) X expl( — a?x2/2),
_np(l—n5+d)|pgid(ﬁa+ Eqtid), (2 1 y 2y 3 27y ®
g(x)=L—y 1—L—y 2+cos( 2Wsm( L, )]

wherefia, Eq=%7g%/2m, andn, are the energy parameter,
the exchanged kinetic energy, and the Fermi-Dirac distribud (x) is the probability integral andaKO(x) is the modified,
tion of the quasiparticle, respectively; wherea&ﬁ zero-order Bessel's functiol., andL, are the confinement
=J(m/4%)|ha+Eq+id|, & is a damping factor. The lengths of the wire a—\/EOZm/ﬁ2 and E, is the ground
spectral-density function results: level of the wire. The corresponding expressions for the ef-
fective Coulomb matrix element in quantum wells can be

dim, ————— found in the literaturé®

A\ /Z_m N Eq+'5|dlm ; The calculated BGR values are displayed in Fig. 2 by the
h? Vha*Eq+ié ' continuous line for the quantum wires and by the dashed line

(3)  for the quantum wells. The theory predicts relatively small

BGR values for the wires, in agreement with our experimen-

where dim indicates the dimensionality of the heterostructal values and consistent with the qualitative indications of

ture, Cyqim is @ constant and is 4/ for quantum wells, and recent reports-® The theoretical 1D BGR values are smaller

2/ for quantum wires. In order to evaluate Kij), we adopt  than those reported by previous theoretical wdrkhis is

the static limit of the single plasmon-pole approximation: probably due to the realistic expression for the longitudinal

d(ﬁai Eq+i5): _iCdim
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dielectric function developed in our work, which gives lessquite good. Our data indicate that for plasma densities higher
divergent contribution to the screened scattering matrix elethan 132 cm™2 the BGR of the one-component plasma is of
ment in the calculation of the self-energy. This is importantthe order of 15 meV, that is, roughly twice the value found
for the description of the interband processes in an electrorfor the wires under the same experimental conditions.

hole plasma, where many-body interactions take place |n conclusion, we have fabricatedtype modulation-
through a Coulomb potential dressed by many-particle intergoping In_,GaAs/GaAs V-shaped quantum wires. The
actions of electrons and holes in their bands. In this case, gand-gap renormalization has been extracted from the optical
fU”y screened potential Implles a small contribution of cor- Spectra and Compared to a Specific model deve|0ped in the
related pairs to the many-body nonlinearity. We should menframe of RPA. The resulting picture of many-body effects in
tion that the small discrepancy between the experimentajyantum wires is consistent with the existence of a small but

data and the theoretical prediction in Fig. 2 can be reducegpservable BGRabout 7 meV for an electron plasma of
by using exact wave functions calculated for the specificjensities~10°/cn?).

guantum-wire heterostructure, by evaluating numerically
Egs. (2) and (3), and by using a more advanced PL line-
shape fitting model. Nonetheless, the agreement between
theory and experiments is very satisfactory, both for the ab-
solute BGR values and for its density dependence, clearly The expert technical help of A. Melcarne, A. Miccolis,
demonstrating that the one-dimensional confinement reducemd D. Cannoletta is gratefully acknowledged. This work
BGR. Also in the case of our quantum wells, the agreemenivas supported by the INFM Progetto Sud: “V-shaped quan-
between the theoretical data and the experimental values tam wires for optoelectronic applications.”
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B3|t is worth noting that we have also tried to fit the line shapes by
using all the parameters free, including quasi-Fermi levels and
temperature. In this case, convergency was obtained with tem-
peratures in the range of 1-2 meV and densities very close to
the doping densitywithin 10%), with similar BGR values.

14The edge of the PLE spectra was taken at half maximum of the



