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Exciton Gas Compression and Metallic Condensation in a Single Semiconductor Quantum Wire
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We study the metal-insulator transition in individual self-assembled quantum wires and report optical
evidence of metallic liquid condensation at low temperatures. First, we observe that the temperature and
power dependence of the single nanowire photoluminescence follow the evolution expected for an
electron-hole liquid in one dimension. Second, we find novel spectral features that suggest that in this
situation the expanding liquid condensate compresses the exciton gas in real space. Finally, we estimate

the critical density and critical temperature of the phase transition diagram at n. ~ 1 X 10° cm

T. ~ 35 K, respectively.
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The so-called metal-insulator transition in photoexcited
semiconductor quantum wires (QWRs) has motivated
many experimental and theoretical investigations in the
last years [1-10]. As known from bulk semiconductors,
the insulating exciton gas becomes unstable at high carrier
densities and transforms into a many body conducting
state. Yet, in certain semiconductor systems, this transition
occurs through condensation of the exciton gas into a
metallic electron-hole liquid (EHL), while in others, the
exciton gas is completely ionized into a metallic electron-
hole plasma (EHP). Despite their common metallic char-
acter, both states have very different physical properties.
An EHL, like any other liquid, is characterized by a well
defined interface with its surroundings and definite equi-
librium density of e-A pairs [11,12]. Since the equilibrium
density is constant, an increment of the excitation increases
the size of the crystal volume occupied by the liquid but
does not change its internal properties. On the contrary, an
EHP is formed by unbound e-% pairs which fill the entire
excited volume. In this case, a more intense excitation
leads to an increase of the EHP density and eventually to
the disappearance of the excitons at the so-called Mott
critical density. The existence of 1D electron-hole plasmas
in semiconductor QWRs has been evidenced in optical
experiments performed both, in QWR ensembles [1,2]
and single QWRs [4,5]. However, the observation of
electron-hole liquids in this kind of systems has been until
know much more elusive. In this framework, in the follow-
ing we shall present our results obtained in individual
InAs/InP self-assembled QWRs and demonstrate that the
metal-insulator transition can occur in this system through
compression of the exciton gas and formation of a metallic
liquid condensate, and not only through ionization of the
exciton gas into a plasma as usually reported.

The isolated InAs nanowires studied here have been
obtained by self-assembling methods on InP(001) and
present a large in-plane aspect ratio with typical lengths
exceeding more than 10 times their average width w ~
20 nm as shown in Fig. 1. More details about the growth
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procedure, overall emission properties and confocal optical
setup can be found elsewhere [13,14]. At low temperatures,
their ground state emission energy at ~0.8 eV (1.55 pwm)
implies an estimated QWR height after capping of & ~
3.3 nm. [15] This small cross-sectional area, w X h, leads
to large subband energy spacings in both, the conduction
(>30 meV), and valence bands (>10 meV), and ensures
that nonequilibrium carriers in these QWRs are effectively
confined in one dimension.

At 5.5 K and low excitation power, the single QWR
photoluminescence spectrum shown in Fig. 1 consists of
several narrow peaks whose linewidths, in the range of
~0.3-0.5 meV, indicate a very good size uniformity [4,5].
Because of their elongated shape, the single QWR emis-
sion is slightly polarized along the QWR axis (1-10 crystal
direction) yielding a polarization anisotropy ratio 6 =
(Py — Pgy)/(Py + Pgy) ~ 23% [15]. The asymmetric con-
finement also enhances the anisotropic electron-hole ex-
change interaction (AEI) producing a relatively large
polarization splitting of the neutral exciton line (X°) at
0.8325 eV [16]. This splitting is absent when two electrons
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FIG. 1 (color online). Top panel: Atomic force micrograph of
an uncapped sample showing an isolated self-assembled InAs/
InP QWR. Bottom panel: wPL spectra of a single QWR obtained
at 5.5 K with linear polarizations selected along (black lines) and
across (red lines) the QWR axis.
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and one hole bond together into a negatively charged
exciton or trion (X'7) as it can be observed for the main
emission line at 0.8285 eV in Fig. 1. Narrow spectral
features with similar splittings and polarization behavior
are systematically observed in our spectra at low excitation
power. Weaker resonances, like the one detected in this
case at 0.8309 eV, appear occasionally and will be tenta-
tively assigned to the emission from localized exciton
states whose anisotropy and splitting cannot be resolved
due to their more symmetric wave functions.

The presence of negative trions in our spectra is not
surprising given the rather high n-type residual doping of
InP layers grown by conventional molecular beam epitaxy
methods. We have estimated N, ~ 1 X 10'® cm™3 by Hall
resistance measurements implying an average occupation
of at least two spectator electrons per QWR in absence of
light. This fact is of central importance in our analysis
since the emission line shape of the trion resonance
strongly depends on its lateral extension and therefore on
the size of the crystal volume occupied by the exciton gas
as explained below. This dependence can be established
following the formulation based on earlier theoretical work
[17] of A. Esser et al [18] which, few years ago, studied the
emission line shape of singly charged excitons in quantum
wells (QWs). We have adapted here their results and
considered a thermal distribution of 1D negative trions
with mass My =2m, + my,;, and energy E; + h?K3/2M.
The emission line shape is given by [18]
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the exciton mass, € =
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where My =m, + my;, is
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and the optical matrix element M(K,) is calculated sepa-

rately from

00 M
M(K,) = [ dx, Wyi-(x; =0, x,) eXIJ(_I'K()xz M—X>
. r
2

being x; the position of electron i relative to the hole and
x; = 0. Equation (1) can be evaluated analytically for the
special case where the trion wave function, Wy:1- (0, x,), is
given by a Gauss shape reducing Eq. (2) to a simple Fourier
transform in momentum space. The resulting line shapes
have been depicted in Fig. 2(a) for three different Gaussian
lengths, al}), and constant temperature, 7 = 10 K. As it
can be observed, the more localized is the trion in real
space, the longer extends its photoluminescence towards
low energies, hw < Ey. We have applied this scheme to
our spectra by removing the inverse square root singularity
from Eq. (1) in account of the finite trion lifetime (&/T'7).
Thick solid lines in Fig. 2(b) represent the best fitting
curves obtained varying al,, to describe the power evolu-
tion of the trion resonance identified before at 0.8285 eV. It
must be noted that the line shape evolution can be cached
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FIG. 2 (color online). (a) Evolution of the low energy emission
tail calculated using Eq. (1) for charged excitons with different
extent in real space (Ep stands for the trion binding energy).
(b) The increasing asymmetry of the experimental trion reso-
nance (thin solid lines) can be fitted to the model (thick solid
lines). (c) Excitation power evolution of the trion wave function
length, af},, for different QWRs.

by the model meaning that the exciton trion wave function
is being apparently compressed in real space upon increase
of the excitation intensity. To the best of our knowledge,
such observation has not been reported before in confined
systems of any dimensionality.

The examination of the single QWR spectrum in a
broader range can give us more information about the trion
wave function shrinkage. Increasing the laser power, a
relatively broad band appears at the low energy side of
the spectrum, as depicted in Figs. 3(a) and 3(b) for two
different single QWRs. At the same time, alTD diminishes
from ~100 nm to ~20 nm as shown in Fig. 2(c). The
broad emission band line shape evolution can be described
using a 1D single band momentum conserving scheme
with constant matrix elements just as expected from the
direct recombination of e-A pairs at the renormalized band
gap edge. [1] The thick solid lines in Figs. 3(a) and 3(b) are
numerical fits obtained varying slightly the band gap en-
ergy, Eg, broadening parameter, Fg, and carrier tempera-
tures, T, and keeping fixed the chemical potential
energy, U, + wy,, at the trion peak position. The spectral
analysis also allows the direct determination of the 1D
carrier density, nyp, from [19] E; — E} = Eg, + Eg, =
mh2n

8m,
between a condensed phase and a plasma as explained
below.

The results depicted in Fig. 3 represent a solid experi-
mental evidence of the formation of an EHL in our system.
At low excitation powers, an e-h pair captured into the
QWR can form a neutral exciton or, with the aid of an
spectator electron, a negative trion. According to our re-
sults, the binding energy of the negative complex is around

2
12 (1 4+ m,/m,;) which can be used to discriminate
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FIG. 3 (color online). (a) and (b) Emission spectra of different
single QWRs upon increase of the excitation power. The line
shape analysis reveals that the insulating excitonic gas (high
energy peak) condensates into a metallic electron-hole liquid

phase (low energy band). Down arrows stand for the position of
the renormalized band edge in each spectrum.

3 to 5 meV greater than the neutral one, and therefore
trions will prevail while excess electrons remain available
[20]. Above a certain excitation density, the overlap be-
tween individual exciton complexes is such that many
body excitations develop in the nonequilibrium carrier
ensemble. At this point, several spectral features reveal
the presence of two spatially separated phases comprising
an excitonic gas and an EHL. First, the excitonic emission
peaks coexist with the band edge luminescence in a wide
excitation window. Only when the latter is fully developed,
the trion luminescence gets appreciably quenched, as ob-
served in Fig. 3. Second, as expected from a liquid phase
with constant internal properties, neither the position, nor
the shape of the band edge emission changes significantly
during the crossover. Indeed, despite the tenfold (QWRI1)
and threefold (QWR?2) increase of the excitation intensity,
and hence of the number of carriers, n;p stays essentially
constant, and only varies between 2.5 and 2.9 X 10° cm™!,
and between 2.7 and 3.0 X 10° cm™!, respectively. Our
results suggest a dynamical situation where after initial
drop nucleation, the larger excitation increases the volume
of the crystal occupied by the liquid inducing the compres-
sion of the exciton gas against the QWR edges as discussed
above.

If we increase the excitation power further, new spectral
features appear in the tail of the EHL band. This is the case
of the semilogarithmic plot of the spectrum of QWRI
excited with 800 wW and shown in Fig. 4(a). We tenta-
tively assign the low energy shoulder that appears at high
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FIG. 4 (color online). The panels show the emission spectra of
two different QWRs obtained using the excitation conditions
indicated in each legend. In all cases the excitation wavelength
was 980 nm and I, = 50 uW.

excitation power to the formation of an electron-hole
plasma (EHP) in the QWR. The same occurs for the nano-
wire represented in the adjacent figure where we used
moderate excitation with a 980 nm 40 MHz pulsed laser
(40 ps pulsed duration) to deplete completely the excitonic
and EHL emission and leave only the EHP band. We have
observed the same behavior tuning the excitation energy of
our Ti:sapphire laser from 1000 to 865 nm. Only excitation
well below the InP gap allowed the observation of sharp
exciton peaks and distinct EHL features in qualitative
agreement with previous work done in highly excited
direct gap semiconductors [21].

The temperature dependence of the single QWR spec-
trum shown in Fig. 5 corroborates our hypothesis. The
presence of strong quantum correlations within the many
body ensemble is the main responsible of the appearance of
a thermodynamically stable liquid phase instead of an
electron-hole plasma in our system. Therefore, once the
condensation has occurred, to extract an electron-hole pair
out of the condensed phase, some energy, E;, must be
provided [12]. This evaporation mechanism must be con-
sidered to explain the evolution of the spectra shown in
Fig. 5(a). Contrarily to the behavior expected for a metallic
plasma, above ~25 K the liquid begins to evaporate and
the system returns to its gaseous state. Furthermore, at the
turning point, the reduction of the integrated intensity of
the EHL band and the enhancement of the trion emission
peak evolve with the same rate. The value extracted from
the slope of the integrated intensity, £; ~ 8 meV, fairly
agrees with the energy splitting observed in most QWRs
between the exciton peak (X°) energy and the one-
dimensional band edge position. Although the dynamic
range of the fit is small, this could indicate that the evapo-
ration of the liquid is an ambipolar process followed by the
trion formation at a later step.

Our results can be summarized in a typical phase dia-
gram for a metallic EHL as shown in Fig. 5(c) [12]. At low
temperatures (7 = 20 K) and moderate carrier densities
(np =1 X 10* cm™ '), the system behaves as a diluted
excitonic gas (G) dominated by Coulomb interactions
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FIG. 5 (color online). (a) Evolution of the single QWR emis-
sion spectrum with temperature. The excitation intensity was
chosen at 5.8 K to make visible both the excitonic and EHL
contributions. (b) Excitonic and band edge integrated intensities
(normalized) as obtained from the line shape fits. (c) Schematic
phase diagram for the metal-insulator crossover in our sys-
tem. The solid line represents the liquid-gas coexistence
curve which better describes our experimental data (solid
circles). The dashed line shows the evolution of the saturated
gas density deduced roughly from the bulk InAs expression
Mgy = 27k T)326“EL/T) with E; = 8 meV.

among only few particles. As the carrier density ap-
proaches ~10° cm™!, Coulomb correlations become in-
creasingly important and, in some regions of the excited
volume, the exciton gas condensate into metallic electron-
hole droplets. The coexistence region (G + L) is limited by
the equilibrium curves corresponding to the uniform gas
(left branch) and the uniform liquid (right branch). It
comprises the range of parameter values where a spatially
uniform distribution is not possible, and there occurs a
physical separation between well defined liquid and gase-
ous phases. The phase diagram shows a characteristic
feature of the electron-hole liquid: the density decreases
when the temperature increases towards the critical point
following a Guggenheim-like liquid-gas coexistence curve
[22,23]. Therefore, the comparison of this curve with the
data extracted from the spectral line shape analysis allows
the determination, within our experimental uncertainty, of
the critical temperature, 7, = 35 K, and critical density,
n, = 7.5 X 10* cm™!, for this single quantum wire.
Finally, we must discuss briefly how our results could be
affected by the QWR morphology and impurity environ-
ment. In around one out of five studied QWRs, we have
found that exciton localization induced by disorder of the
confining potential prevents the formation of an EHL
phase. As reported for other QWR systems, in such cases,
the strong localization leads to a high power wPL spectrum

characterized by radiative recombination of multiexciton
complexes [4]. Their behavior is very different of the
disorder-free QWRs presented in this work which show
clear one-dimensional spectral features. Second, the impu-
rity background has made possible the formation of nega-
tively charged excitons and therefore the observation of the
exciton trion compressional effect. Since the random im-
purity potential can pin the fermi level in different regions
of the QWR, [24] weak localization of the electrons could
make easier the initial liquid drop nucleation in our system,
although, at present, its precise role remains an open
question.

In conclusion, we have identified a novel behavior
studying the metal-insulator transition in individual semi-
conductor nanowires. Our experimental results reveal that
in this system this transition can occur through compres-
sion of the exciton gas and condensation in a metallic
liquid phase and should motivate future theoretical and
experimental investigation of these and related excitonic
and correlated electron phenomena.
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