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Anomalous ambipolar transport in depleted GaAs nanowires
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We have used a polarized microluminescence technique to investigate photocarrier charge and spin transport
in depleted n-type GaAs nanowires (≈1017 cm−3 doping level). At 6 K, a long-distance tail appears in the lumi-
nescence spatial profile, indicative of charge and spin transport, and only limited by the length of the nanowire
(NW). This tail weakly depends on excitation power and temperature. Using a self-consistent calculation based
on the drift-diffusion and Poisson equations as well as on photocarrier statistics (Van Roosbroeck model), it
is found that this tail is due to photocarrier drift in an internal electric field nearly two orders of magnitude
larger than electric fields predicted by the usual ambipolar model. This large electric field appears because of
two effects. First, for transport in the spatial fluctuations of the conduction band minimum and valence band
maximum, the electron mobility is activated by the internal electric field. This implies, in a counterintuitive
way, that the spatial fluctuations favor long-distance transport. Second, the range of carrier transport is further
increased because of the finite NW length, an effect which plays a key role in one-dimensional systems.
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I. INTRODUCTION

In the past few years, investigations of transport in semi-
conductor nanowires (NW’s) have gained interest because of
potential applications to solar cells [1], lasers [2], and quan-
tum computing [3]. It has been reported recently that GaAs
NW’s grown on Si substrates have strong potentialities for
charge and spin transport [4]. These NW’s are n doped in
the low 1017 cm−3 range, and are therefore on the metallic
side of the Mott transition [5]. They are well adapted for spin
transport since the donor concentration nearly corresponds
with that of the maximum of the spin relaxation time [6],
thus ensuring conservation of spin polarization over large
distances.

In such NW’s, as shown in Fig. 1, there exist spatial fluc-
tuations of the top of the valence band and of the bottom of
the conduction band, induced by statistical spatial fluctuations
of the donor concentration [7,8]. Transport of photocarriers
occurs through hopping processes, so that it could be antici-
pated that long-distance transport is difficult. However, it has
been shown that carrier transport in this disordered system
can occur over distances as large as 25 μm because of the
buildup of a large internal electric field [4]. Several phases
in the spatial profiles have been observed, due to (i) the de-
pendence of photocarrier mobilities on the electric field [9],
(ii) the subsequent spatial redistribution of the Fermi sea for
undepleted NW’s. However, no interpretation for these results
has been proposed.

This work is an experimental and theoretical analysis of
charge and spin transport in NW’s grown on Si substrates. We
have chosen depleted NW so that the charge spatial profiles
merely reveal the buildup of the internal electric field since
there is no Fermi sea. The spatial charge profile exhibits a
relatively fast decrease followed by a slow tail, which weakly

depends on excitation power and temperature. As found by
numerical resolution of conservation equations, this tail is
caused by drift transport in an internal electric field E of a
fraction of a V/μm. These results are at variance with the
predictions of the usual ambipolar model [10–15] according
to which internal electric fields are smaller than this value by
two orders of magnitude. Such large internal field is shown to
build up for two reasons: first, because of the dependence of
the mobility of photoelectrons on the internal electric field [9];
second, the electric field is further amplified by the finite size
of the NW. It is anticipated that such large electric fields are
specific to one-dimensional systems. For these two reasons,
metallic NW’s appear as ideal candidates for charge and spin
transport.

II. EXPERIMENT

A. Principles

Here we study NW’s HVPE-grown on Si(111) substrate us-
ing gold catalyst at 715 ◦C [16]. In order to reduce the surface
recombination velocity, the NW’s were chemically treated by
a low-alkaline (pH ≈ 8.5) hydrazine sulfide solution. This
produced a negligible NW etching by the solution and covered
the surface by a nitride layer so that surface recombination
was equivalent to that of the nearly ideal Ga1−xAlxAs/GaAs
interface [17]. After passivation, the NW’s, standing on the
substrate, were scraped and deposited horizontally on a grid
of lattice spacing 15 μm.

The main results presented here were obtained on a de-
pleted NW of length 20 μm and of diameter 100 nm that is
smaller than the limit of 180 nm for NW depletion [4]. Also
used for comparison was a NW of diameter 500 nm, therefore
undepleted, and a depleted NW of diameter identical to the
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FIG. 1. Spatial fluctuations of the conduction and valence band,
caused by statistical fluctuations of the donor concentration. Also
shown are the electron and hole transport processes by hopping, and
the mechanisms for recombination of the main line and of the tail.

main NW, but grown on a GaAs substrate. Such NW is known
to be p type, of a doping level equal to several 1016 cm−3.

The NW was excited at 6 K by a continuous-wave, laser
beam (energy 1.59 eV). The laser was tightly focused to a
profile of Gaussian radius σ ≈ 0.6 μm. Since this radius is
larger than the NW diameter d , only a fraction of the ex-
citing light impinges on the NW surface. Spatially resolved
spectral analysis of the intensity and circular polarization of
the luminescence was performed using a setup described else-
where [4,18]. The observation of transport at large distance
from the excitation spot required the monitoring of relatively
weak signals. By subtracting parasitic signals, measured by
slightly displacing the laser excitation out of the NW, one
could monitor physical signals over a dynamic range of three
orders of magnitude. Using liquid crystal modulators, the
sample was excited with σ±-polarized light and the intensity
I (σ±) of the luminescence components with σ± helicity was
selectively monitored. The luminescence intensity is the sum
of these two components and given by

I = K (n + n0)p, (1)

where n is the photoelectron concentration, p is the photo-
hole concentration, and K is the bimolecular recombination
coefficient. Here, quite generally, we take a nonzero electron
concentration in the dark n0. The difference signal ID =
I (σ+) − I (σ−) is equal to K pPis, where Pi = ∓0.5 for
σ±-polarized excitation. Here s = n+ − n−, where n± are the
concentrations of electrons with spin ± 1

2 , choosing the excita-
tion light direction as the quantization axis, is the spin density.

B. Results

1. Spectral effects of depletion

For the depleted NW, the intensity and polarization spectra
at 6 K and for very small excitation power of 45 μW, cor-
responding to a power density on the NW surface of 0.15
mW/μm2, are shown in curves a and d, respectively. The
intensity spectrum consists of a main line peaking at 1.515 eV,
together with a tail at low energy down to 1.48 eV. As shown
in the Supplemental Material [19] and illustrated in Fig. 1, this
tail is caused by spatially indirect recombination processes.

FIG. 2. Curve a shows the NW intensity spectrum at the exci-
tation spot for a small excitation power of 45 μW. Also shown
is a Gaussian fit of the main line (curve a′) which reveals a low-
energy tail which extends down to 1.48 eV. Curve d shows the
corresponding polarization spectrum and reveals a large photoelec-
tron spin polarization of nearly 50%. For comparison, the intensity
and polarization spectra of an undepleted NW are shown in curves
b and c, respectively. Shown in the inset are the dependencies of
the luminescence intensity at the excitation spot as a function of
excitation power. As expected from Eq. (1), for the undepleted NW,
the intensity is proportional to the excitation power while, for the
depleted NW, it is proportional to the square of this power.

For energies larger than 1.51 eV, the polarization has a
very large value above 20%, implying a photoelectron spin
polarization close to the maximum value of |Pi| = 50%. This
value is relatively large since the Bir-Aronov-Pikus (BAP)
process is weak because of the reduced hole concentration
[6,20]. Note that the polarization increases near 1.504 eV,
which coincides with the onset of the Gaussian component
of the intensity spectrum. This is because the electron quasi-
Fermi level lies above the minimum of the conduction band
fluctuations so that electrons below this level are degenerate.

For comparison, we also show in Fig. 2 the emission
characteristics of an undepleted NW. The near-band-gap lumi-
nescence and polarization spectra, taken at the excitation spot,
are shown in curves b and c of Fig. 2, respectively. As shown
in curve b′, the luminescence line shape can be approximated
by a Gaussian profile of half-width 6.5 meV. The resulting
absence of a spectral tail is at variance with the results of the
depleted NW, a fact which is interpreted in the Supplemental
Material (see, also, Refs. [4,21,22] therein). Curve c shows the
corresponding polarization spectrum and exhibits a maximum
polarization of 10%.

A key effect of depletion lies in the dynamic behavior of
the luminescence intensity. As shown in the inset of Fig. 2,
for the depleted NW, the intensity is proportional to the square
of the excitation power. This is expected from Eq. (1) since,
for this NW, one has n0 � n so that the excitation power
dependence of I reflects that of the product np. The resulting
proportionality of n and p to the excitation power implies
that the dominant recombination mechanism is not radiative
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FIG. 3. Curve b shows the intensity spatial profile at 6 K, for an
energy of 1.512 eV, for an excitation power of 45 μW. This curve
exhibits a slow tail, which is not found for a p-type NW (curve a).
These curves extend well beyond the laser profile (shown in curve g),
which is an evidence for photocarrier transport along the NW. Shown
in curves c and d are the intensity profiles in the conditions of curve
b, but for an excitation power of 180 μW and 1 mW, respectively.
Curve d′′ shows the spatial profile of the difference signal, related
to the spin orientation, and is almost undistinguishable from curve
d. Curve e shows the intensity spatial profile for an increased lattice
temperature of 30 K. Curve g shows the profile calculated for an
excitation power of 45 μW (same as curve a), but assuming a usual
ambipolar transport, i.e., without a dependence of the electron mo-
bility on electric field (Ee = 0). Curves b′, c′, and d′ and e′ show the
corresponding profiles calculated using the model of Sec. III, that is,
including a dependence of the mobility on the electric field. While
curves b′ and c′ coincide with the experimental profiles, curves d′

and e′ underestimate the amplitude of the slow tail. This suggests
the relevance of a quasiballistic transport in this large electric field.
The corresponding predicted profiles, shown in curves d′′′ and e′′′, are
obtained using Eq. (13) and coincide very well with the experimental
profiles.

electron-hole recombination, but a nonradiative process. In
contrast, for the undepleted NW, the intensity increases lin-
early as a function of excitation power. This is expected from
Eq. (1) since, for this NW, one has n0 � n so that the excita-
tion power dependence of I reflects that of p.

2. Spatial profiles

The regime for unipolar transport is first illustrated in curve
a Fig. 3, which is the intensity spatial profile for a depleted
p-type NW of dimension and passivation similar to those of
the main NW. This profile extends well beyond the spatial
profile of the laser, shown in curve g. This reveals that carriers

excited at the excitation spot have undergone transport over
a distance of several μm before recombining. The spatial
profile is exponential and close to the predicted profile for
one-dimensional unipolar transport (see Supplemental Mate-
rial of Ref. [4]).

Shown in curve b of Fig. 3 is the intensity spatial profile,
taken in the same conditions as curve a of Fig. 2 but for the
depleted n-type NW. The spatial profile is very different from
curve a, and is therefore characteristic of metallic NW’s. It
is composed of a rapid decrease up to 2 μm, i.e., over a
distance larger than that of the laser profile, with a slower
decrease at larger distances. This decrease is superimposed
on fluctuations which are reproducible from one curve to the
other. The fluctuations in the spatial profile may be caused by
inhomogeneities of the surface recombination or by uncom-
plete spatial averaging of the potential fluctuations shown in
Fig. 1.

The observation of the long-distance tail implies that a
significant fraction of the carriers escape from the potential
fluctuations at the place of excitation and can be transported
over large distances. Since hopping processes are easier for
electrons than for holes because of their weaker effective
mass, there builds up an outwards internal electric field which
in turn drives photoholes out of the excitation spot provided
its magnitude is comparable to that of the electric field of the
fluctuations (of the order of the unscreened effective field near
a donor ED/a∗

0 ≈ 0.6 V/μm, where ED is the donor binding
energy and a∗

0 is the effective Bohr radius).
Shown in curves c and d of Fig. 3 are the intensity and dif-

ference spatial profiles obtained for a larger excitation power
of 180 μW and 1 mW, and corresponding to a power density
at the NW surface of 0.6 and 3.5 mW/μm2, respectively.
Comparison between curves b, c, and d reveals that, unlike
observed earlier for ambipolar transport in three-dimensional
(3D) samples [10–15], the excitation power has little effect on
the spatial profiles. Since the increase of excitation power will
increase the concentration of carriers trapped in the fluctua-
tions and may lead to screening of these fluctuations, the weak
effect of excitation power also suggests that this screening is
negligible.

Curve d′′ shows the profile of the difference signal ID.
This profile is almost undistinguishable from the corre-
sponding intensity profile, curve d. This shows that the
photoelectron spin polarization ID/(I Pi ) is constant over
the profile. This is expected in our case where the spin relax-
ation time is large, as suggested by the large photoelectron
spin polarization.

Curve e was taken in the same conditions as curve c but at
a higher lattice temperature of 30 K, leading to a decrease of
luminescence intensity by about one order of magnitude. This
curve is quite similar to curve c, implying that temperature has
a weak effect on the spatial profile. Such result may appear
surprising, in view of the strong temperature dependence of
the conductivity reported for metallic systems [5].

III. INTERPRETATION

The results of the preceding section show that depleted
NW’s on the metallic side of the insulator/metal transition
appear as ideal candidates for charge and spin transport.
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Transport exhibits a long-distance tail up to 10 μm, mostly
limited by the NW end. Because of the weakness of spin
relaxation and unlike p-type material, the photoelectron po-
larization at the excitation spot is close to its maximum value
and weakly decreases during transport.

A. Model

In order to interpret these results, calculation of the spatial
distributions of electrons and holes was performed using the
Van Roosbroeck model [23]. For holes, the drift-diffusion
equation is

g − K (n + n0)p − p

τ h
nr

− 	∇ · [ 	Jp/q] = 0. (2)

Here g is the rate of creation of electron-hole pairs, q is the
absolute value of the electron charge, τ h

nr is the hole nonra-
diative recombination time, and 	Jp is the hole current. The
corresponding spin-unresolved equation for electrons is

g − K (n + n0)p − n

τ e
nr

+ 	∇ · [ 	Jn/q] = 0, (3)

where τ e
nr is the electron nonradiative recombination time.

The quadratic dependence of the spatially integrated lumines-
cence intensity on excitation power, shown in Fig. 2, indicates
that nonradiative recombination is dominant over radiative
recombination. Since the electron and hole nonradiative re-
combination terms must be equal after spatial integration
which removes the effect of transport, and within the hypoth-
esis of charge neutrality (i.e., that the total photoelectron and
photohole charges are equal) one can assume that τ e

nr = τ h
nr =

τ . The electron and hole currents are given by

	Jn = qμe(n + n0) 	∇EFn = qμe(n + n0) 	E + qDe 	∇n (4)

and

	Jp = qμh p 	∇EF p = qμh p 	E − qDh 	∇p, (5)

where μe (h) are the electron (hole) mobilities and De (h) are the
corresponding diffusion constants. Here EFn (EFh) is the en-
ergy of the electron (hole) Fermi level with respect to its value
at equilibrium. The electronic concentration can be expressed
by Boltzmann statistics

n = Nc exp
EFn − qV − Ec

kBTe
, (6)

where kB is Boltzmann’s constant, Te is the photocarrier tem-
perature, and Ec is the energy of the bottom of the conduction
band. As discussed in the Supplemental Material [19], the
hole energy distribution for a depleted NW is closer to a
Boltzmann one than for an undepleted one. This distribution
will be approximated by

p = Nv exp
−EF p + qV + Ev

kBTe
, (7)

where Ev is the energy of the top of the valence band. Here
Nc (Nv) is the effective density of states of the conduction
(valence) band, and Ec is the energy of the bottom of the
conduction band. Here V is the spatially dependent potential,

given by Poisson’s equation, which can be written, for a spa-
tially homogeneous doping

εs
d2V

dz2
= q(Nd + p − n − n0), (8)

where εs is the static permittivity.
For NW’s on the metallic side of the insulator/metal transi-

tion, transport occurs, as illustrated in Fig. 1, through hopping
processes assisted by the electric field. This results in a de-
pendence of the mobility on the electric field [4,9,24], given
by

μe(E ) = μ∗
e exp

⎡
⎣−

⎛
⎝ Ee√

E2 + E2
T

⎞
⎠

⎤
⎦ ≈ μ∗

e exp

[
−

(
Ee

|E |
)]

,

(9)

where μ∗
e is the mobility at large electric fields. The electric

field Ee is given by

Ee = �e

qδ
, (10)

where �e is a characteristic energy, δ is the length of an ele-
mentary hopping process, and ET = kBTe/(qδ). Here, one will
use the approximate expression in Eq. (9) since as shown by
the weak effect of temperature on the profile, one probably has
Ee � ET . One may think that the hole mobility also depends
on electric field. However, such dependence has no effect on
the spatial profiles since hole diffusive and drift currents are
negligible with respect to their electronic counterparts and
will not be included here [25].

B. Internal electric field within the usual ambipolar model

It is shown here that a simple expression for the electric
field can be obtained within simple approximations, within
what will be called below the usual ambipolar model [10–12],.
Comparison of Eqs. (2) and (3) gives

	∇ · [ 	Je + 	Jh] = q(n − p)

τ
, (11)

where 	Je and 	Jh, given by Eqs. (4) and (5), respectively,
depend on electric field via the contribution of drift currents.
Within this model one assumes a spatially infinite sample with
negligible charge concentrations and electric field at its end.
One also assumes charge neutrality (n = p). Thus, the sum of
electron and hole currents which is zero at infinity, is also zero
at all points in the NW, so that

	E [μe(n + n0) + μh p] = Dh 	∇p − De 	∇n. (12)

It will be shown that the usual ambipolar model does not
interpret the long-distance tail. However, it allows us to un-
derstand the weak dependence of the luminescence intensity
profiles on excitation power. Indeed, provided n � n0, mul-
tiplication of electron and hole concentrations by a common
factor will not affect the electric field and therefore the shape
of the spatial profile. The weak dependence of the spatial
profile on temperature is in agreement with the observed weak
temperature dependence of the photoconductivity of disor-
dered systems [9,24]. Such effect can be understood if, in
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Eq. (9), ET � E . In this case, the electron mobility nonlin-
early depends on electric field according to the approximate
Eq. (9) which does not depend on temperature. Thus, the
sole dependence of the profile lies in the possible temperature
dependence of the high-field mobilities μ∗

e and μ∗
h.

C. Anomalous ambipolar transport

Description of the anomalous ambipolar transport requires
a self-consistent resolution of the coupled equations (2), (3),
(6), (7), and (8). The calculations give the spatial distribution
of V , EF p, and EFn and subsequently the spatial profiles of
n, p, and E . Finally, the spatial profile of the luminescence
intensity is given by Eq. (1).

For solving these equations, we applied a Newton-Raphson
algorithm, described in Ref. [26], to a NW of length 100 μm
with an excitation spot at its middle. For the boundary con-
ditions, one imposed a zero potential at the NW ends and a
zero recombination current at the lateral surfaces. In order
to avoid divergence, a nonzero value of n0 and a zero value
of Ee were used as a starting point for the calculations. The
quantity n0 was subsequently decreased to 5 × 1013 cm−3 and
Ee was progressively increased to above 10−2 V/μm. The
only adjustment in the parameter values was an increase of the
high-field mobility values which were μ∗

e = 104 cm2/Vs and
μ∗

h = 3 × 103 cm2/Vs that is slightly larger than mobilities
for a degenerate doping level [27]. This is probably because
the absence of intrinsic electrons increases the electron and
hole collision time. For determining the effective excitation
power, we took into account losses by reflection and by un-
complete laser absorption in the NW. The values of the other
parameters were found to have a negligible effect on the
profile. The electron and hole lifetimes were τ = 1 ns. The
electron temperature Te was taken to 30 K.

In order to show that the slow tail is directly related to the
spatial potential fluctuations, we first consider the case of a
doping level slightly smaller than the insulator/metal transi-
tion, for which the spatial fluctuations of the conduction band
minimum and valence band maximum are negligible [28].
Taking Ee = 0, the calculated luminescence spatial profile for
an excitation power close to that used in curve b is shown in
curve f of Fig. 3. The profile exhibits a rapid, approximately
exponential, decrease, nearly independent on excitation power
and does not interpret the experimental results.

At the excitation spot, the electric field is zero for symme-
try reasons. Away from the excitation spot, the electric field
is estimated using Eq. (12) to ≈De/(μeLd ) where Ld is the
exponential slope of the decrease. Using Ld ≈ 0.8 μm and the
Einstein relation De = E μe/q, where E is an energy of the or-
der of the band fluctuation amplitude [9] and assuming charge
neutrality, we obtain E = 3 × 10−3 V/μm. This relatively
weak value implies that diffusive currents are larger than drift
currents and explains the absence of a long-distance tail. It is
concluded that NW’s of a doping level on the insulating side
of the Mott transition do not exhibit the slow tail.

The bottom panel of Fig. 4 shows the calculated photohole
concentration profiles for an excitation power of 45 μW and
for increasing values of Ee. The top panel shows the corre-
sponding spatial profiles of the electric field. In agreement
with the experimental results, and provided Ee > 10−5 V/μm,

FIG. 4. The bottom panel shows the calculated spatial profiles
of the hole concentration for increasing values of Ee. The top panel
shows the corresponding spatial profiles of the internal electric field.
For a very small value of Ee the decay is rapid, corresponding to the
usual ambipolar case as described by Eq. (12). Upon increase of Ee,
a tail appears in the charge profile, while a large internal electric field
builds up at large distance.

the calculated concentration profiles exhibit a long-distance
tail at a distance larger than 5 μm. In this regime, the profile
weakly depends on Ee. An estimate of the physical value of Ee

can be obtained using Eq. (10) taking �e = 1 m, correspond-
ing to the amplitude of the fluctuations [28] and δe = 50 nm.
One finds Ee = 0.2 V/μm. This is a high estimate of Ee since
the electron hopping process may occur over larger distances.
However, Ee is in all cases larger than 10−5 V/μm so that a
long-distance tail should appear.

The internal electric field at a distance from the excitation
spot larger than 2 μm is of several 10−2 V/μm, i.e., nearly
two orders of magnitude larger than for the ambipolar case.
This suggests that the tail in the hole concentration profile is
caused by outward hole and electron drift in the electric field.

In order to confirm this hypothesis, we have calculated the
spatial profiles of the electron and hole currents, using Ee =
10−3 V/μm. As seen in Fig. 5, two spatial phases are visible.
Up to a distance of 1.5 μm, because of the large concentration
gradient, diffusive currents are larger than drift currents. For
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FIG. 5. Spatial profiles of electron diffusive (curve b) and drift
(curve a) currents, as well as of the hole diffusive (curve d) and
drift (curve c) currents, calculated with Ee = 10−3 V/μm. The inset
shows the electric field value at 10 μm from the excitation spot, as
a function of the NW length. The strong reduction of electric field
for a length larger than 150 μm demonstrates the length-dependent
transport.

larger distances, drift currents indeed predominate because of
the large electric field. These currents explain the presence of
charge and spin transport over record distances. Note that the
electron drift (curve a) and diffusive (curve b) currents are, as
expected, dominant over their hole counterparts (curves c and
d, respectively). This justifies the hypothesis taken above of a
negligible field dependence of the hole mobility [25].

D. Comparison with the experimental profiles

Curve b′ of Fig. 3 shows the calculated intensity spatial
profile, taking for specificity Ee = 10−3 V/μm. This curve is
in very good agreement with curve b. In the same way, the pro-
file calculated for an increased excitation power of 180 μW
very well corresponds with the corresponding experimental
profile, shown in curve c.

Curve d′ of Fig. 3 shows the calculated spatial intensity
profile for an excitation power of 1 mW. This curve corre-
sponds with the experimental curve d up to 4 μm, while
the predicted amplitude of the slow tail is smaller than for
the experimental one. We calculate that the electric field at
a distance of 10 μm has a very large value of the order of
0.1 V/μm. One may then think that the increase of carrier
kinetic energy results in a departure from the hopping trans-
port regime. It has been found earlier that, in such a case, the
spatial profile can be interpreted by a model where transport
occurs quasiballistically between phonon emission processes
[4]. In this case, the unipolar electron concentration is given
by n ≈ exp(−√

z/Le), where Le = 2(q/m∗
e )Eτ 2

phe. Here τphe

is the time for phonon emission and m∗
e is the electron ef-

fective mass. The hole concentration p is given by the same
equation where Le is replaced by Lh. Finally, one expects
that the luminescence intensity is given by

I ≈ exp(−
√

z/La), (13)

where the ambipolar length La is comparable with both Le

and Lh.
As shown in curve d′′′ of Fig. 3, the intensity for z > 4 μm

is very well approximated by Eq. (13). One finds that La has
the same value of 0.5 μm as for the undepleted NW [4].

Finally, curve e′ shows the intensity profile calculated us-
ing Te = 60 m. This curve does not interpret the experimental
profile at large distance. Good agreement is reached with the
experimental results if (i) the values of the mobilities are
large electric field are decreased to μ∗

e = 3 × 103 cm2/Vs
and μ∗

h = 5 × 102 cm2/Vs, which is an expected effect of the
temperature increase, (ii) because of the large internal electric
field, one includes ballistic transport. Curve e′′′ is calculated
using the above model up to a distance of 2 μm from the
excitation spot, and using Eq. (13) with La = 0.5 μm at large
distance.

IV. ORIGIN OF THE LARGE VALUE OF THE INTERNAL
ELECTRIC FIELD

It is first shown that the tail in the luminescence spatial
profile cannot be explained by the usual ambipolar model
[Eq. (12)], even if a field-activated electron mobility is in-
cluded. In order to evaluate the electric field in this case, one
uses ∇n/n ≈ −(μeEτ )−1, as found from Eq. (3) assuming
that drift currents are larger than diffusive currents. Further
using Einstein’s relation, one obtains

E2 exp[−Ee/|E |] = F 2
1 − μh

μe
exp[Ee/|E |]

1 + μh

μe
exp[Ee/|E |] ≈ F 2. (14)

The electric field F , given by F 2 = E /qμ∗
eτ , is 10−3

V/μm, with the parameter values used in Sec. III, and taking
E = 3 m. Numerical resolution of this equation shows that
the fraction in the right hand is close to unity and can be
approximated as shown in Eq. (14). Up to Ee = 10−2 V/μm,
Eq. (14) has a solution close to F . This value is comparable
with usual ambipolar fields. It does not interpret the results
and is in contradiction with the starting hypothesis of large
drift currents.

This failure is not caused by a possible breaking of the
hypothesis of charge neutrality since numerical simulations
confirm its validity for calculating the electric field [29], ex-
cept in a short stretch near the NW end. We propose that the
reason why Eq. (14) cannot explain the large electric field is
that, because of the slow tail, the photocarrier concentrations
and currents near the NW end cannot be neglected. Integration
of Eq. (11) between coordinates z and z0 shows that Eq. (12)
must be replaced by

	J (z) − 	J (z0) = Dh 	∇p − De 	∇n, (15)

where 	J (z) = 	E [μe(n + n0) + μh p] is the sum of drift cur-
rents at position z in the slow tail. Here, z0 is chosen to be
sufficiently large so that, as shown in Fig. 5, the diffusive
current at z0 is negligible. Inclusion of the negative term
−J (z0) in Eq. (15) should result in an increase of the electric
field. In order to verify this hypothesis, we have calculated
the spatial profiles for increasingly large values of the NW
length. The inset of Fig. 5 shows the electric field values
at a distance of 10 μm from the excitation spot. Up to a
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NW length of 170 μm, the electric field weakly depends on
distance and is of ≈5 × 10−2 V/μm. For a further increase
of NW length, one observes a strong decrease of electric field
down to 3 × 10−3 V/μm, that is, to a value comparable with
the usual ambipolar regime. It is concluded that, at least for
the parameter values chosen here, the anomalous ambipolar
transport is amplified by NW finite-size effects, provided the
NW length is smaller than 170 μm. This length is smaller than
the maximum length of usual NW’s.

The inset of Fig. 5 shows that the transition between the
anomalous and the usual ambipolar transport regimes occurs
over a narrow range of 30 μm of width, while the electric field
is nearly constant before and after the transition. In the same
way, Fig. 4 shows that the transition as a function of Ee occurs
over only a factor of 3 of variation of Ee with profiles nearly
independent on Ee before and after the transition. As shown in
the Supplemental Material [19] for the transition to anomalous
ambipolar regime, there also occurs an abrupt transition as a
function of excitation power. These features reveal that the
transition between the two regimes occurs through a critical
process. This can be understood qualitatively, assuming that
E (z) ≈ E (z0) and that the photocarrier concentrations at z0

are fractions of their values at position z [n(z0) = ξn(z) and
p(z0) = ξ p(z)]. The approximate equation (14) is still valid,
provided F is divided by

√
1 − ξ . This induces an increase of

F and therefore of the electric field. This will in turn induce
an increase of ξ since this quantity also depends on electric
field, according to ξ ≈ exp[(z − z0)/(qEμeτ )]. The quantity
ξ is then closer to unity, which will induce a further increase
of electric field.

V. CONCLUSION

It is shown that depleted NW’s on the metallic side of the
insulator/metal transition (low 1017 cm−3 range) appear as
ideal candidates for charge and spin transport: (i) The spatial
profiles of the luminescence intensity exhibit a long-distance
tail, weakly dependent on excitation power and temperature,
concerning about 10% of the photocarriers and characterized

by a decay length larger than 10 μm. (ii) The spin polarization
also weakly decreases with distance.

A self-consistent resolution of the drift-diffusion equa-
tions, using the Poisson equation and Boltzmann statistics
(Van Roosbroeck model) is able to account for these results
without extensive parameter optimization. The tail occurs be-
cause of photocarrier drifting in an internal electric field as
large as 10−1 V/μm. At large excitation power and also at
increased temperature, the internal electric field becomes very
large and carrier transport no longer occurs by hopping but be-
comes quasiballistic. Two ingredients are crucial for building
up a large electric field: (i) the dependence of the photo-
electron mobility on internal electric field which strongly
increases the electron mobility and results in a field-assisted
transport; (ii) critical amplification of these effects caused by
the NW finite size.

Note finally that the above reasoning is only valid for one-
dimensional systems, i.e., if the lateral dimension is smaller
than the typical decay length. Indeed, calculations on 2D
systems, with increasing Ee, have not revealed any transition
to a slow tail. Since only a limited number of parameter
values were chosen, these results need to be confirmed by
further experimental and theoretical investigations, which are
out of the scope of this work. However, this suggests that the
one-dimensional nature of the NW’s plays a key role and that
NW’s are better candidates for charge and spin transport than
2D or 3D systems.
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