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Abstract

This article examines the role of field strength, frequency, and many-body scattering during the ultrafast optoelectronic response
in a direct-gap semiconductor nanowire using numerical simulation. Following resonant laser excitation, an AC or bias DC field
perturbs the 1D e-h plasma as it relaxes by carrier-phonon and Coulomb scattering. For bias DC fields, the laser-excited carrier
distributions evolve to a static non-equilibrium from which a stable DC mobility is calculated. Carrier-phonon collisions contain
the e-h carriers near energy minima for fields of 0.5 kV/cm or less, while the Coulomb collisions redistribute some electrons across
the Brillouin zone where they drift into other band structure energy minima and are there contained by phonon scattering. This
behavior results in carrier mobilities with a field-strength dependence specific to a 1D solid. For AC probe fields, the analyze the
resulting frequency-dependent conductivity for frequencies between the plasmon frequency and interband resonance. In all cases,
we compare results to standard-conductivity models by calculating distribution-averaged collision rates and times, and show how,

unlike in the bulk, these quantities for the nanowire are strongly dependent on both field magnitude and frequency.
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1. Introduction

Semiconductor nanowires are of interest for many scientific
and technological advances including in solar cells [1, 2], pho-
tovoltaics [3, 4], nanowire-based lasers [5—8], transistor designs
[9-11], photodetectors [12, 13], THz-applications [14, 15], and
numerous other optoelectronic applications [15, 16]. The be-
havior of electrons in a 1D nanoscale semiconductor is intrin-
sically quantum mechanical. In particular, the dimensional-
ity of a solid strongly affects the optoelectronic properties of
direct-gap semiconductors [10, 17-21]. For example, resonant
optical transitions in a 3D direct-gap solid occur in a region
near the Gamma point where the density of states (DOS) is
approximately zero. Contrast this with I'-point transitions in
an analogous 2D solid, with a constant DOS, or in a 1D solid,
with a DOS approaching infinity. During optical excitation and
thermalization, dimensionality alters the optical response and
electronic properties of the solid, even when calculations use
the same fundamental models of electron-electron, electron-
phonon, and electron-field interaction [16, 22-24]. Here, a 1D
solid means only that the nanowire length L > R, where the
nanowire radius Ry < 10 nm is not large enough to justify
the use of a continuous crystal momentum-space via Bloch’s
theorem in the transverse directions as we do for L along the
nanowire axis.

For direct-gap semiconductor nanowires, optically excited
near the I'-point, the infinite DOS allows the electron and hole
distributions to relax exclusively into the lowest excited energy
states, eventually reaching a thermal equilibrium with the lat-
tice. In bulk materials, however, these lowest excited energy
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states are relatively few in number. Therefore, for high density
plasmas, a nanowire can more effectively scatter carriers from
higher energies to lower energies during many-body collisions
then can a higher dimensional solid. This behavior is further
complicated when a bias-DC or AC field keeps an excited car-
rier distribution from reaching equilibrium, causing a unique
1D optoelectronic response as measured by mobility and con-
ductivity.

In this article, we simulate the excitation of a subwavelength
GaAs nanowire by an ultrashort resonant laser pulse followed
by relaxation under exposure to either a DC bias field or an AC
probe field. After thermalization, the DC mobilities of electrons
and holes are shown as nonlinear functions of DC field strength.
We show field strength limits for meaningful definition of mo-
bility for this system and use this as a basis for a comparison
with frequency dependent AC conductivity calculations after
the excited carriers are exposed to a AC probe pulse.

2. Theoretical model

Electron-hole dynamics in the crystal momentum space k of
a 1D solid are modeled by the Semiconductor Bloch equations
[19, 25, 26]. Under the diople approximation, the time evolu-
tion of the occupation numbers for electrons and holes, f7 and
11, are given by
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In Eq. 1, the first term causes optical transitions from the va-
lence to the conduction band, the second term causes e-h drift
due to the external electric field E(¢), and the third term includes
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many-body scattering. In the first term, the microscopic polar-
ization, Py, is time evolved by
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In Eqgs. 1 and 2, the generalized Rabi frequency, €, and renor-

malized single particle energies of the electrons and holes, sih,

are given by:
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Here, Si’h are the single particle energies, V, is the Fourier
transform of the Coulomb potential matrix element, d is the
dipole matrix element, and E(¢) is the external electric field in-
cluding the laser pump field and applied AC or DC fields. We
note that while the corrections to the single particle energies
and generalized Rabi frequencies have a minor effect on pump
pulse excitation, they do not play a major role in presented AC
and DC probe field responses. For a 1D system, the Coulomb
potential may be approximated by V, = (€2 /2meper) Ko(IgIRo),
where Ky(x) is the zeroth order modified Bessel function of the
second kind, Ry is the nanowire radius, and ¢, is the background
dielectric index [22, 27]. The dipole matrix elements ;" are
given by
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where d’ is the dipole matrix element at the I'-point, and Egap
is the band gap energy [19].

The scattering term in Eq. 1 includes Coulomb scattering in
the laser generated e-h plasma, as well as e-h-phonon scatter-
ing. Using the Markov approximation, this term is given by
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where the calculation of rates W,’ 0 and wy hOu are given

in detail in the Appendix of Ref [28]. Equatlon 2 includes
Coulomb scattering effects under the Markov approximation in
the diagonal dephasing rates, Feh and off-diagonal dephasing
rates, ABZ These too are detailed in the Appendix of Ref. [28].

The needed constants for these calculations are given in Tab. 1.

These contributions act on the femtosecond time scale to re-
lax the carriers toward a quasistatic non-equilibrium state [29].
We note that scattering terms in Ref. [28] additionally include
spontaneous e-h recombination. We neglect that contribution in
this work because the presented simulations cover less than 100
picoseconds in time duration, while the characteristic recombi-
nation times are on the order of nanoseconds or greater.

The solutions to Eq. 1 allow calculation of the free current
density for electrons and holes J. ,(¢) in the nanowire over time:

Jentt) = 2"‘"2 g ™

where v = h’lﬁks;(’ is the carrier group velocity, the nanowire
volume is Vol = 6(2)L, the factor of 2 includes spin degeneracy,
and the total current density is

J(@) = Jo(1) + Jp(D). ®)

At all times, the e-h carrier densities are given by
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Since we deal with a pure crystal in the absence of doping,
we use Ne(f) = Nu(f) = N(¢). Furthermore, neglecting non-
optical band transitions (i.e. impact ionization and Auger re-
combination), the carrier density N(¢) is a function of time only
during excitation by the pump pulse, after which it remains
constant, N(f) — N,. Restricting our measurements to post-
excitation times, we define a charge-density-normalized con-
ductivity p.n(w) and relate it to the current density by
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where Epr(t) is the Fourier transformed probe field. Here, e n(w)
is relevant for both AC and DC fields, and in the DC limit
Hen(w = 0) becomes the carrier mobility.

In the Drude model, the normalized conductivity of carriers
is given by pen(w) = |e| /m: »(Yen — iw), where vyey is the col-
lision rate and m* ch is the effective carrier mass at the Gamma
point. Therefore, in the case of a DC probe field (w = 0) the
Drude collision rate is

lel
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while for AC probe fields the Drude rate is calculated from the
real and imaginary parts of pp(w > 0) by
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where wy is the central frequency of Epr(a)). We note that a
Drude model for nanowires is not adequate to describe the low
frequency range between w = 0 and the surface plasmon res-
onance frequencies [15], nor is that physics included in Eq.1
since intraband coherences are neglected [25]. For frequen-
cies on the order of a THz or less, a normalized conductivity
of pen(w) = (|e|ia)/m:’h)/(a)2 - wg’h + iwyen) 1s more applica-
ble [15], where we, is the plasmon resonance frequency. This
model agrees well with the Drude model for w > wep, down to
where the real and imaginary parts of u. y(w) are approximately
equal. Therefore, we restrict our AC results to this region, use
Eq.12 to estimate y for wy > wen, use Eq.10 results to esti-
mate the frequency where R[uen(w.)] = I[pen(w,)] and use
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Parmeter Description Value  Units
EGap Band gap 1427 eV
ay Dipole matrix elementatk =0  0.73> enm
€ Dielectric constant at w = 0 10.03
€ Dielectric constant at w = co 8.23
€ Background dielectric constant ~ 9.13
hQpn LO Phonon energy 36  meV
Al'py Inverse phonon lifetime 13 meV
T Background lattice temperature 77+ K
L Length of nanowire 565° nm
8o Thickness of nanowire 5.65° nm

! Taken from the band structure in Fig. 1 [30].

2 dy = \/(3e2h2/4m0803p)(m0/m2 - 1), mZ = 0.07my [28].

3 Values for GaAs nanowire embedded in a AlAs host [28].

4 System cooled by liquid nitrogen.

> Simulations assume 1000 k—points in the BZ, making £

1000 unit cells long.
% Thickness of ~ 10 unit cells.

Table 1: Material parameters for simulations.

3. Simulation

Equations 1-2 were solved numerically using a fourth-order
Runge-Kutta routine with step sizes of 40-as and 20-as to en-
sure convergence. We take the nanowire crystal orientation to
be aligned in the I — X direction and use the bulk GaAs band
structure from Ref. [30] to provide the single-particle energies
&}, see Fig. 1. Table 1 summarizes all other material parameters
used in the simulations. We justify using a bulk band structure
for our 1D system as follows: The calculated band structures
of GaAs nanowires vary widely in the literature, depending on
crystal orientation, crystal structure (wurtzite or zinc blende),
nanowire thickness, and the presence of impurities [31-33].
The e-h carrier dynamics in our simulations do not depend on
the exact details of the band structure, but only on whether en-
ergy extrema exist between the gamma point and the Brillouin
zone (BZ) edge. Specifically, it is the infinite DOS at these
energy extrema causes the behavior of a 1D system to deviate
from that of a bulk crystal. Therefore, our results are qualita-
tively valid regardless of specific band structure.

Figure 1 shows the band structure for the spin-orbit split-off
(hy), light-hole (h,), and heavy-hole (h3) sub-bands, as well as
the first two conduction sub-bands (e; and e;) [30]. We first
solved the multi-band SBEs as given in Ref. [26] for our given
conditions with the five sub-bands shown in Fig. 1. The 4, and
h, sub-bands are dipole coupled to e, for linearly polarized light
[34], while all other dipole couplings are weak or forbidden. In
these calculations appreciable excitation ( f,f’h > 0.1) occurred
only in sub-bands h, and ey, justifying our two-band model in
Eq. 1 and Egq. 2.

The total electric field E(¢) in Egs. 1-3 is polarized along the
nanowire axis and comprises the laser pump pulse E () and the
probe field E,(?):
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Figure 1: GaAs band structure used in the calculations [30]: split-off (i, blue),
light-hole (h;, black), heavy hole (43, red), first conduction (e, purple), and
second conduction (ez, green) bands. Only bands h and e; contribute appre-
ciably to the calculations presented.
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where E,,.(?) is either a DC or an AC field given by
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Here, wy is again the central frequency of the probe field, and
the function fy.(¢) is a slow switch on function given by
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The slow switch on of the DC field is meant to be half of a soft
box function, for which we use a super Gaussian function of or-
der six, centered about ¢ = 0. Equation 16 ensures that the DC
field is fully switched on before the pump pulse arrives. This
same approach is not practical for the AC probe field, because
while the DC field mobility is real (by definition), the AC con-
ductivity is complex and requires numerical Fourier transforms
of the calculated current density and AC probe field, see Eq. 10,
which is not meaningful numerically unless both go to zero at
t = +oo. Therefore, we used an AC probe pulse spectrally cen-
tered at the frequency of interest and time-centered at r = 20 ps,
after the e-h plasma has reached a static non-equilibrium state.
Table 2 summarizes all values appearing in Eqgs. 14-16. Most
values are constant for all simulations, but the probe field val-
ues of Eq., Ay, and 7, are varied over ranges specified in the
Tab 2. The pump wavelength is resonant with the nanowire
bandgap, while its amplitude is high enough to excite an ap-
preciable e-h plasma within the 20 fs pulsewidth. The range of
AC probe wavelengths is nonresonant with the nanowire, and
its amplitude is orders of magnitude below E/, so it does not
excite new e-h pairs. We increase AC pulsewidths linearly with



Parmeter Description Value(s) Units
E, Pump amplitude 0.75 MV/cm
A Pump wavelength! 800 nm
T Pump pulsewidth? 20 fs
Eqc DC field strength 0.01-1 kV/cm
Tde DC switch-on time 5 ps
E. AC probe amplitude 0.141 kV/cm
Aae AC probe wavelength! 1.5 - 1500 um
Tac AC probe pulsewidth? 5 - 5000 fs
tac AC probe delay 20 ps

U we = 2r¢/ A, and wy = 27c/ Ap.
2 The 1/€? pulsewidth.

Table 2: Field parameters for simulations.

wavelength, 7, = (33.3 fs/um)A,., to keep the same tempo-
ral field form for each AC pulse. We also varied the DC field
strengths to examine nonlinear effects.

Figure 2 shows a time schematic of the simulations. The
resonant pump pulse is centred at the + = 0, exciting an e-h
plasma in the nanowire. The probe field peak follows 20 ps
later for the AC probe fields (see dashed black line); the DC
field reaches its peak value prior to arrival of the pump pulse
(solid black plot). The AC probe’s 20 ps delay allows sufficient
time for the excited e-h plasma to relax to a nonequilibrium
steady-state.
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Figure 2: Time schematic of the simulations. The solid black line shows the
DC slow switch-on function fyc(#), the dashed red line shows the laser pump
pulse at t = 0, the dashed black line shows the center of the AC probe field at
t = 20 ps, and the inset zooms in on the laser pump pulse.

4. DC Probe Field Results

The DC probe field simulations assumed field strengths rang-
ing from 0.01-1.0 kV/cm. The presence of these DC fields did
not significantly impact the optical excitation from the pump
pulse, either in the total number of carriers generated or in
their initial momentum distributions. This is because the pump
pulse lasted only tens of femtoseconds while the comparatively
smaller DC fields modified the distributions appreciably over
picoseconds. To characterize the role of many-body effects in
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Figure 3: The hole (a, ¢) and electron (b, d) occupation numbers ( jz‘, flf) as
functions of k and ¢. The pump pulse is incident at # = 0 along with a DC field
of E4c = 0.5 kV/cm. Plots (a, b) include only phonon scattering in Eq. 6; plots
(c, d) include phonon scattering and Coulomb collisions in Eq. 6.

the e-h mobility, one set of simulations included only carrier-
phonon collisions in Eq. 6 and another set included both carrier-
phonon and Coulomb collisions. The occupation numbers fkh(t)
and f7(r) were recorded (Fig. 3), and once these distributions
reach a non-equilibrium steady-state, the current densities (Fig. 4),
carrier mobilities (Fig. 5 ), and collision rates (Fig. 6 ) were cal-
culated according to Eqs. 7, 10, and 11, respectively.

4.1. The role of carrier-phonon collisions

Figure 3(a,b) shows the distributions f,?(t) and f;(¢) for Eq. =
0.5 kV/cm. After excitation at t = 0, the DC field shifts the e-h
distributions in k-space over time. The carriers accelerate until
they reach the crystal momentum k;ﬁ‘ associated with the char-
acteristic phonon energy, 82;}_:, = hQpp, at which point carrier-

ph
phonon scattering returns carriers from k =~ k;’;’ to k = 0. This
process then repeats periodically, see Fig. 3(a,b), until a non-
equilibrium steady-state results. The oscillations are more ap-
parent in the hole distribution (Fig. 3a) than in the electron dis-
tribution (Fig. 3b) because electrons accelerate to momentum
k;h sooner than the holes accelerate to khh.

Figure 4(a) shows the total current densities for simulations
using different DC field strengths. The temporal periodicity of
f,f‘(t) in Fig. 3a causes corresponding oscillations in the total
current density over time, see the solid black line in Fig. 4(a).
Note that for E4. < 0.5 kV/cm, all currents eventually converge
to a single value. Fig 3(a,b) shows the cause of this current
density cutoff effect; the resulting non-equilibrium distributions
settle at values approaching k =~ kg’}lf, regardless of DC field



I I I

12] roT
o T (@ Phonons & (D) |
= Coulomb
= 0.8 Phonons only |
o — 09kV/em ]|
= — 05kV/iem
= 0.4 — 0.3kV/em
~ — 0.1kV/em A
0.0! | | | | |
0.5 III : T T 7T EI] — 1T T 1
04k oles (c)] ectrons (d)
g — 0.07 kV/cm
< 03+ 0.05kV/em
~ — 0.01 kV/em
2
\of
"

0.0 ]
0 10 20 30 40 50 0 10 20 30 40 50

t(ps) t(ps)

Figure 4: The total current densities including only phonon scattering (a) or
both phonon and Coulomb scattering (b) in Eq. 6. Plots (c, d) show the individ-
ual hole (c¢) and electron (d) current densities with both phonon and Coulomb
scattering in Eq. 6. All plots show results for varying DC field strengths, for
which the legend is split between (a) and (c), but applies to all plots.
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Figure 5: The nonlinear carrier mobilities as a function of applied DC field Eqc
shown for simulations including only carrier-phonon collisions (black plots)
and both phonon and Coulomb collisions (red plots). (a) shows the total mobil-
ities in both cases, (b) and (c) show the individual electron and hole mobilities
for both cases.

strength. In these cases with only carrier-phonon scattering,
the time required to reach a steady-state scales inversely with
E4.. We expect this trend to hold for all lower field strengths,
yielding mobilities and collision times approaching infinity as
E4. — 0. Hence, we restrict the phonon-scattering-only data in
Figs. 3-6 to values E4. > 0.1 kV/cm.
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Figure 6: The distribution-averaged collision times (a,b) and rates (c,d) of elec-
trons (dashed lines) and holes (dotted lines) for simulations including only
phonon collisions (a,c) or both phonon and Coulomb collisions (b,d) as func-
tions of Egc.

In our simulations, the threshold effect on the carriers and
their currents did not hold for E4. > 0.5 kV/cm, beyond which
a small but appreciable percentage of carriers accelerate past
k;’}lf before scattering events can relax the distribution. This
causes currents that do not converge to the low Eg4. current
values, see green line in Fig. 4(a). Thus, we do not include
E4. > 0.5 kV/cm in further simulations since they do not al-
low for a steady state solution from which we can calculate a
meaningful mobility.

The black plots in Fig. 5 show the total DC mobility (a)
and individual electron and hole DC mobilities (b) including
only phonon scattering in Eq. 6. As expected, these mobilities
scale as 1/Eq., as electrons spend more time traveling between
k ~ 0and k ~ kehh, with near zero resistance, as E4. — 0.
Figure 6 (a,c) shows the distribution-averaged collision rates
(c) and collision times (a) calculated by 7, = 1/y,. For the
DC case, the collision time is mathematically proportional to
mobility. Hence, 7. scales as 1/Eq4. in Fig. 5a while y.j in
Fig. 5 c is linear with Eq4.

This behavior is seemingly unphysical. The mobility values
of 1-10 m?/(V s) approximate those of bulk GaAs, but the bulk
material does not exhibit such a field dependence. Our model
is 1D, but this behavior could still occur for low e-h densities
in 2D or 3D if only carrier-phonon collisions are included in
Eq. 6. For example, a spherical flf’h in a 3D k-space would still
accelerate until carriers reach the boundary of a larger sphere
defined by the radius k ~ k;f. For low e-h densities, all carriers
drifting into this boundary would scatter to k& ~ 0 before ac-
celerating again, creating an effective 1D distribution along the
k-axis aligned with Eq.. For high carrier densities, the behavior
would exhibit stronger dimensional dependence with the chan-
ing DOS of near-zero energy states that participate in scattering;
infinity, constant, or zero for 1D, 2D, or 3D, respectively. Only



in the case of a 1D solid does the DOS guarantee a large surplus

of states near szfo than near 8;}}1. A 1D material could, there-

ph
fore, maintain this behavior even for high carrier densities. The
question now becomes, does this unusual 1D behavior survive
the inclusion of Coulomb collisions in Eq. 6?

4.2. The role of Coulomb collisions

Figure 3(c,d) shows the e-A distributions over time when ex-
posed to a DC field of Ey4. = 0.5 kV/cm where Eq. 6 includes
both carrier-phonon and Coulomb collisions. Figure 4(c,d) shows
the individual hole and electron currents (Eq. 7) for these sim-
ulations at varying Eq4. strengths, while Fig. 4b shows the cor-
responding total e-4 currents (Eq. 8) for direct comparison with
Figure 4a. For the simulations including Coulomb collisions,
we performed simulations for E4. down to 0.01 kV/cm to ver-
ify low field behavior. From these results, we observe that
Coulomb collisions (a) more quickly relax the distributions to
a non-equilibrium steady-state, (b) lead to high-Eg4. electron
currents that do not converge to a steady-state value on the
same time scales as lower-Eg4. or phonon-only currents, and (c)
Coulomb collisions restore a near linear Eq4. field dependence
to the current density (as one expects physically). We discuss
these facts and their implications below.

The Coulomb collisions seem to act quickly (less than 5
ps) to relax the distributions in Fig. 3(c,d) to a non-equilibrium
steady-state. There is no consolidated periodic drifting of the
holes in Fig. 3c, as there is in Fig. 3a. Thus, no correspond-
ing oscillations appear in the electron and hole current den-
sities, Fig. 4(c,d), or in their combined total current density,
Fig. 4b, for any E4. value. Coulomb collisions uniquely impact
the higher E4. dynamics, as shown by the electron current for
Eq4. = 0.5 kV/cm in Fig. 4d (black curve). Unlike the phonon-
only currents in Fig. 4a, which converge to a steady-state value
for E4c < 0.5 kV/cm, the black curve in Fig. 4d appears to
reach a steady value between ¢t = 5 — 20 ps before declining un-
til # = 50 ps. The cause of this behavior is not apparent on the
linear-scale plots in Fig. 3d, which is why this figure stops at
t = 25 ps (no further changes are visible beyond 25 ps). How-
ever, log scale plots of Fig. 3(c,d) reveal additional dynamics
across the BZ that alter the resulting currents.

Figure 7(c,d) shows log plots of Fig. 3(c,d) covering the
complete BZ, and for times up to 100 ps. For comparison with
low field results, Fig. 7(a,b) shows the same plots but for Ey4. =
0.01 kV/cm. For both high and low DC fields, Coulomb colli-
sions scatter electrons, Fig. 3 (b,d) across the BZ, while holes,
Fig. 3(a,c), remain near k = 0. The delayed electron scattering
is due to our assumed band structure in Fig. 1. Coulomb colli-
sions scatter some electrons away from k = 0 beyond |k| > k;h,
so that electrons with momentum k < —|k°, | then drift to an
energy maximum at k ~ —0.3(27/a), arriving there between
25-50 ps. Additional collisions then scatter electrons to the
vicinities of other band extrema near the BZ edge, where the ve-
locities are near zero thus reducing the electron current. These
pockets of electrons consolidate around the energy minimum
at the BZ edge and the electrons everywhere relax to a steady-
state. While this is the case for both low (Fig. 3a) and high
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Figure 7: Log plots of fkh (a, c) and f7 (b, d) as functions of k and ¢, shown for
E4c = 0.01 kV/em (a,b) and Eg4. = 0.5 kV/cm (c,d). Results include phonon
scattering and Coulomb collisions in Eq. 6 and are shown over the complete
BZ.

(Fig. 3c) DC field simulations, a higher DC field leads to more
electrons scattering past kgh initially, and thus takes longer to
reach a steady-state. The band structure for the holes, with ex-
trema only at k = 0 and the BZ edge, prevents a similar behav-
ior from occurring. The presence of multiple extrema is more
significant in a 1D system, due to the near-infinite DOS there.
Thus, this behavior is less likely to manifest in multiple dimen-
sions.

Figure. 4(a,c) shows the total (a), and individual e-/ mobil-
ities (c) with phonon and Coulomb collisions. Comparison of
the black and red plots in Fig. 4(a) demonstrates that Coulomb
collisions restore a more physically intuitive field-dependence
to the current density, albeit still a nonlinear dependence. The
individual hole mobilities, dotted line in Fig. 4(c), show two
distinct nonlinear regimes; for DC fields greater than or less
than 0.07 kV/cm. This effect is understood when examining
the resulting collision times and rates in Fig. 6 (b,d). Fig. 6 (b)
suggests that a collision time of about 12-13 ps is the Eg. = 0
limit for holes, meaning that this is how approximately long it
takes for Coulomb collisions to scatter the laser-generated car-
riers into states near energy h€2p,. This is the dominant mech-
anism of hole scattering for Eg. < 0.07 kV/cm, whereas for
E4. > 0.07 kV/cm the field induced drifting of holes plays an
appreciable role. The electrons do not show this behavior be-
cause Coulomb collisions already scatter some carriers near and
beyond k = Ik;hl, regardless of DC field strength. Thus, the elec-
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Figure 8: The hole (a) and electron (b) occupation numbers ( f]? and ka) as
functions of k and 7. The pump pulse is incident at r = 0 followed by an AC
probe field centered at r = 20 ps (shown here for a probe wavelength of 1500
pm). Both phonon scattering and Coulomb collisions are included.

trons’ behavior is complicated for high Eq4., and holes for low
Eqc.

5. AC probe fields

To test the AC response of the 1D e-h plasma, we ran sim-
ulations using AC fields with a peak magnitude of E,. = 0.141
kV/cm, such that the RMS value is comparable to the E4. = 0.1
kV/cm simulations. Given that surface plasmon resonances are
on the order of a THz, and that we must to avoid exciting ad-
ditional resonant interband transitions, we limit the AC simu-
lations to non-resonant probe wavelengths ranging from 1.5 -
1500 pum. For the 1500 um wavelength case, Fig. 8 shows the
hole and electron occupation numbers as functions of momen-
tum k and time ¢ with all phonon scattering and Coulomb col-
lisions included. Note that the carriers are created at t = 0
by the original pump pulse, while the AC probe field that fol-
lows is centered about ¢t = 20 ps, causing the generated carri-
ers to oscillate over time in k-space. The meaningful quantity
for AC fields is the conductivity, and since the total e-h densi-
ties are constant after excitation, we examine at the frequency-
dependent, density-normalized conductivity, Eq. 10, and make
direct comparison to the DC mobilities.

Fig. 9 shows the normalized conductivities p p(w) as well
as the the e-h collision rates, Eq. 12, and corresponding col-
lision times calculated for simulations with different AC probe
frequencies. For added clarity, the figure displays the frequency
dependence on the linear scale, Fig. 9(a,c,e), and log scale,
Fig. 9(b,d,f). Both Drude and plasmon resonance models of
Hen(w) predict that its imaginary part will dominate at high
frequency, which Fig. 9(a,b) confirms. As wy decreases and
approaches the THz regime, the real and imaginary parts of
HUen(w) should cross. Figure 9(a,b) confirms that this occurs in a
region of wy = 1 THz. Combining this with the high frequency
estimates for vy, in Fig.9(c.d) yields estimates for the electron
and hole plasmon resonance frequencies of w, = 0.3 THz and
wy, = 0.45 THz.
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Figure 9: The individuial e-4 (a) normalized conductivities, (c) Drude collision
rates, and (e) Drude collision times as functions probe frequency wg. Plots
(b,d,f) are the same as plots (a,c,e), but on a logarithmic wy scale. Plots (a) and
(b) show both real and imaginary parts of 1 h(w) on a log scale.

Generally, the conductivity of the electrons is higher than
the holes due to the hole’s larger effective mass near the Gamma
point. To see non-Drude-like behavior even for w > we we
plot collision rates and times in Fig. 9(c-d). Between wy > wen
and wy < wy, collision rates y.n(wp) vary about £15% from
0.8 THz, whereas a Drude-type model does not typically as-
sume a frequency dependent collision rate. This behavior re-
sults from the low-wy AC fields driving the carriers in k-space
further from the Gamma point during each field oscillation.
Since the electrons experience less variability of scattering by
phonon and Coulomb collisions at low field strengths (see DC
results), the hole collision rates and times exhibit greater vari-
ability as AC frequency decreases. As with the DC case, this
effect is more significant for a 1D solid, compared to bulk, due
to the high DOS near the Gamma point.

6. Conclusion

In this article we used numerical simulation to examine the
role of field strength, many-body scattering, and frequency dur-
ing the ultrafast optoelectronic response in a GaAs nanowire
after excitation by an ultrashort pump pulse. After photoex-
citation, the laser-generated e-h plasma was perturbed by an
AC or bias DC field. Our findings are that (a) For DC bias
fields, carrier-phonon collisions contain the e-h carriers near
band structure energy minima for fields of 0.5 kV/cm or less.



(b) In the absence of Coulomb collisions, the DC electronic
response is eventually to converge to a single current value
regardless of the bias voltage; an unphysical result. (c) Fur-
ther inclusion of Coulomb collisions restore a near linear DC
response as measured by carrier mobility and collision rates.
(d) The AC electronic response deviates from a Drude-type re-
sponse through frequency dependence of the mobility and col-
lision rates as the AC frequency varies between THz and IR
regimes. (e) In all cases, calculated distribution-averaged e-h
collision times and rates show that, unlike in a bulk solid, these
quantities in a nanowire are strongly field dependent, both on
amplitude and frequency.
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