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3
Time-resolved charge carrier

diffusion in silicon nanowires

Free-standing semiconductor nanowires on bulk substrates are increasingly
being explored as building blocks for novel optoelectronic devices such as
tandem solar cells. Although carrier transport properties, such as mobility
and trap densities, are essential for such applications, it has remained chal-
lenging to quantify these properties. Here, we report on a method that permits
the direct, contact-free quantification of nanowire carrier diffusivity and trap
densities in thin (∼ 25 nm wide) silicon nanowires - without any additional pro-
cessing steps such as transfer of wires onto a substrate. The approach relies
on the very different Terahertz (THz) conductivity response of photo-injected
carriers within the silicon nanowires from those in the silicon substrate. This
allows quantifying both the picosecond dynamics and the efficiency of charge
carrier transport from the silicon nanowires into the silicon substrate. Varying
the excitation density allows for quantification of nanowire trap densities: for
sufficiently low excitation fluences the diffusion process stalls because the
majority of charge carriers become trapped at nanowire surface defects. Us-
ing a model that includes these effects, we determine both the diffusion con-
stant and the nanowire trap density. The trap density is found to be orders of
magnitude larger than the charge carrier density that would be generated by
AM1.5 sunlight.

3.1 Introduction

Over the last years silicon nanowires have been explored extensively as components
of solar cells in an effort to evaluate their potential for next generation, high efficiency
and low cost photovoltaics [57]. Potential advantages of Si nanowires for solar cells
include light trapping effects to increase light absorption [58, 194] and the possibility
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3. Time-resolved charge carrier diffusion in silicon nanowires

to engineer radial p-n junctions allowing to decouple the direction of light absorption
from the direction of charge collection [109, 110, 220]. These advantages offered by
the nanowire architecture reduce the requirements on the quality and the quantity of
the Si that is needed. Another attractive aspect of the nanowire device architecture is
that the underlying material properties are still those of bulk Si, with its high intrin-
sic conductivity. Hence many efforts are geared towards cheaper single junction c-Si
solar cells based on nanowires. The properties of nanowires with respect to charge
carrier transport are yet to be fully explored: their high surface/volume ratio raises
for instance the influence of surface states. The potential use of these nanowires as
absorber material for a solar cell depends critically on the quality of the Si nanowire
interface, given the inherent extended interface region. The interface quality will
determine the lifetime and mobility of minority carriers and hence the collection effi-
ciency of photo-generated carriers. Furthermore, different ways exist of passivating
surface states and quantifying remaining defect density is still challenging. One rel-
evant question is whether all defects are electrically active? Their quantification is
important because any device would rely on diffusive transport and the defect den-
sity would determine device performance.

To use Si nanowires to extend the limiting efficiency of solar cells, a tandem solar cell
concept is necessary however. The ultimate goal of this is to surpass the Shockley-
Queisser limit for single junction devices by absorbing the incoming light in a stack
of materials with the right combination of bandgaps to reduce the thermalization
losses to a minimum. In this device concept the nanowires would form the higher
bandgap absorber material for the top cell, as schematically represented in 3.1.

Using the quantum size effects in Si nanowires allows one to synthesize a c-Si mate-
rial with a tunable bandgap above that of bulk Si [109, 110, 220]. To get in the size
regime where quantum size effects start playing a role, the diameter of the nanowires
must be smaller than the exciton Bohr radius. For Si this radius is about 4.9 nm,
which sets a very demanding technological target for the synthesis of nanowires to
be used in this kind of device.

In working towards a proof-of-concept we have made use of DUV lithography and
thermal oxidation to reach the type of low-diameter nanowires necessary for this
kind of devices [128]. However, the potential use of these nanowires as absorber
material for a solar cell depends critically on the quality of the interface between the

Figure 3.1: Graphical representation of an all-Si-based tandem solar cell with Si nanowires.
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3.1. Introduction

Si and SiO2. Electron spin resonance (ESR) measurements have revealed the pres-
ence of a substantial inherent density of Pb0 (Si3 ≡ Si·) defects (dangling bonds) at
the nanowire Si/SiO2 interfaces, most likely due to faceting and enhanced interface
strain from the oxidation [95]. To quantify the effect of these inherent defects on the
lifetime and mobility of charge carriers generated in the nanowires, we employ time-
resolved terahertz spectroscopy to probe the behavior of photo-generated carriers on
picosecond timescales.

Exciting the nanowires at oblique incidence of 45◦ using a femtosecond laser pulse
with photon energies of 4.6 eV we generate charge carriers across the direct bandgap.
The short absorption lengths at this wavelength allow for predominant excitation
of the NWs, with only a small fraction of the excitation light reaching the substrate
where it generates additional charge carriers. The photoexcited charge density gradi-
ent between nanowires and substrate drives diffusion of carriers from the nanowires
into the substrate. As shown below, the charge carrier conductivity in the bulk sub-
strate is many times larger than that in the wires. Thus, the time-dependent con-
ductivity, measured on picosecond timescales using Terahertz (THz) probe pulses,
allows us to follow the transport of photoexcited carriers from the wires to the bulk
phase. More importantly, the number of carriers reaching the bulk phase allows us
to quantify the losses associated with this transport as a result of carrier trapping
at the surface of the nanowires. We model this process using a simple simulation
of charge diffusion and trapping, which considers the initial photoexcited charge
density gradient, transport from the wire to the bulk substrate and carrier trapping
into nanowire surface defects. The data in conjunction with the model provides the
carrier diffusion coefficient and the density of NW traps. Surprisingly, the latter was
found to be around two orders of magnitude lower than the surface defect density as
measured by ESR, depending only slightly on the type of oxide layer on the nanowire
surface. Nanowires that had been exposed to nitrogen gas during annealing in or-
der to remove surface hydrogen bonds displayed trap densities of 4.5 ∗ 109cm−2.
Nanowires that had been exposed to forming gas instead of nitrogen during anneal-
ing, showed reduced trap densities of 2 ∗ 109cm−2.
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3. Time-resolved charge carrier diffusion in silicon nanowires

3.2 Methods

Several methods exist to fabricate Si nanowires. We employ a combination of deep
UV lithography and dry etching. The target dimension after dry etching is set around
40 nm and further size reduction is achieved by thermal oxidation. The material used
is (100)-oriented 1-10 Ωcm p-type Cz Si wafers of 300 mm diameter. No intentional
doping is introduced before dry etching. First the patterning stack is deposited on
the wafer. The pillars are defined by double-patterning a mask consisting of 45 nm
lines with a 90 nm pitch by deep UV lithography. The mask is rotated ∼ 91◦ between
the two exposures in order to obtain a staggered array of dots in the resist. Subse-
quent dry etching with different etch chemistries is performed to transfer the pattern
through each of the layers of the patterning stack. The final Si etch is performed with
a mixture of SF6, CH2F2 and N2/He. After the Si etch a dry in-situ strip is performed
to remove residual hard mask.

Figure 3.2: Scanning electron microscope image of the
nanowires after thermal oxidation. The thermal oxide was re-
moved by vapor HF for this SEM image but not for the terahertz
spectroscopy.

Since quantum confinement for
Si does not occur at the diame-
ters obtained after dry etching,
the size of the nanowires is fur-
ther reduced by thermal oxida-
tion. The Si NW core diame-
ter is further reduced by rapid
thermal oxidation at 1150 ◦C
for 60 s in an O2/N2 ambient
in two steps. After a first oxi-
dation, the oxide is removed in
a dry NF3/NH3 based chemi-
cal etch. The second oxidation
step is a repetition of the first.
The final size of the diameter
of the nanowires can be tuned
by a combination of dry etch-
ing and thermal oxidation. The
nanowires used in this study

had a tapered profile of 500 nm high, 36 nm diameter at the bottom and 12 nm diam-
eter at the top (see Figure 3.2). For the SEM imaging the thermal oxide was removed
by vapor HF to be able to measure the size of the c-Si cores.

The nanowires become very flexible once < 20 nm, especially when they are hit by
the electron beam and charging occurs as in the image. To keep the NWs aligned
and prevent bending and breaking the thermal oxide is left on the nanowires for the
terahertz measurements. Additionally the inter-wire space was filled with a-SiO2

using a cycled plasma enhanced chemical vapor deposition at 200 ◦C.

After the oxidation an experimental split was created by an additional passivation
or de-passivation step. On the first sample (Sample 1), depassivation of dangling
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3.3. Results and discussion

bonds was obtained by annealing in nitrogen at 700 ◦C for 30 minutes. On the second
sample (Sample 2) dangling bond passivation was performed by applying a forming
gas anneal (95% N2, 5% H2 gas) at 400 ◦C for 30 minutes.

The time-resolved THz setup is pumped by an amplified Ti:Sapphire laser system
that delivers 800nm (1.55 eV), 100fs pulses at 3W of output power and a repetition
rate of 1 kHz. Light pulses at 266nm (4.6 eV), generated by frequency-tripling the
fundamental (1.55 eV) using two 1mm thick BBO crystals, is used to photo-inject
carriers into the silicon nanowires. The polarization of the 266 nm beam could be
rotated using a half-wave plate. Single-cycle THz pulses are subsequently used to
measure the frequency-dependent conductivity with sub-picosecond time resolu-
tion. The generation and detection of the THz probe is accomplished by nonlin-
ear optical rectification and electro-optic detection, respectively, using the 800 nm
pulses in two 1mm thick ZnTe crystals [205]. The charge density dynamics were
measured by probing the excitation-modulated differential signal at the peak of the
THz field. In this way, only the real part of the photoconductivity, i.e. the photoin-
duced change in absorption, which is proportional to the charge density, is measured
at a frequency of approximately 0.6 THz. The complex THz photoconductivity spec-
tra were measured by recording the transmitted THz electric field E(t) through the
unexcited sample and the photomodulated differential THz field ∆E(t) and subse-
quently using a thin-film approximation in the frequency domain with the respective
Fourier-transforms of the time-domain electric fields [205].

3.3 Results and discussion

Figure 3.3 shows the time evolution of the real part of the photoconductivity at 0.6
THz after exciting Sample 1 with photon energies of 4.6 eV (266 nm) and fluences
of 9.5 ∗ 1011cm−2 at an angle of 45◦ in p-polarization (excitation E-field parallel to
wires) and s-polarization (field perpendicular to wires). The sample consisted of
NWs with an average diameter of 25 nm. The black graph shows the measured
photoconductivity when exciting the sample on the backside also at 45◦ incidence,
i.e. directly injecting carriers into the silicon substrate. As expected for an indirect
semiconductor, for which recombination is slow, the conductivity increases quasi-
instantaneously at pump-probe delay τp = 0, to remain constant within the 400 ps
time window. The signal is larger for p-polarized light since the reflection is smaller
and thus more light is absorbed in the substrate. When the NW layer is excited, the
initial signals are smaller due to the much reduced THz conductivity of carriers in
the NWs (see model below). For NW excitation, the conductivity shows an instan-
taneous component, attributed to light directly reaching the substrate, and a slow
rise of the photoconductivity, attributed to carriers reaching the bulk phase from
the NWs. Interestingly, s-polarized light generates a larger initial response than p-
polarized light, conversely to the substrate excitation, while the degree of increase
is more pronounced for p-polarized light. The final photoconductivity after 400 ps
is larger for both pump polarizations as compared to the substrate excitation. The
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3. Time-resolved charge carrier diffusion in silicon nanowires

Figure 3.3: Dynamics of the THz real conductivity of silicon nanowires on bulk silicon after excitation
with 266nm light at an angle of 45ř and a photon flux of 9.5 ∗ 1011cm−2. Black graphs show excitation of
the bare substrate for p and s polarization, whereas red and yellow graphs show nanowire excitation for
s and p polarization, respectively. The lower red graph is rescaled by factor 30.

lower red graph shows the rescaled real conductivity for a fluence of 2.9 ∗ 1010cm−2,
where no increase is present, pointing to only direct bulk excitation. This change in
the dynamics can be understood by noting that trapping of charge carriers occurs in
the NWs, which, in particular at low excitation densities, prevents carriers generated
in the wires to reach the bulk. At higher excitation densities the traps get saturated,
and carriers can reach the bulk phase on ∼100 ps timescales.

In order to gain more insight into these intricate dynamics through assessing the
NW and substrate contribution to the measured signal, it is useful to look at the
frequency-resolved complex photoconductivities provided by the broad THz probe
spectrum. The frequency dependence of the conductivity for charge carriers in bulk
and nanowires is expected to be different and the discrimination of both thus possi-
ble [205].

The bulk penetration depth for 266nm light is around 5 nm and the length of the
NW layer along the optical pathway is 700 nm for 45◦ excitation. Hence, since the
excitation layer is smaller than 1µm, i.e. many orders of magnitude smaller than
the THz wavelength, we can use the thin-film approximation to extract the complex
conductivity σ̂tot(ω) at various pump-probe delays τp :

σ̂tot(ω, τp) = −
2cϵ0n

l

∆E(ω, τp)

E(ω)

�� ��3.1
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3.3. Results and discussion

Here, c is the speed of light, l the length of the excitation layer, ϵ0 the free space
permittivity and n the refractive index of silicon at THz frequencies (=3.4).

The overall conductivity σ̂tot will be composed of contributions from charge carriers
in the nanowires σ̂nw(ω) and those in the underlying bulk substrate σ̂bulk(ω):

σ̂tot(ω) = σ̂bulk(ω) + σ̂nw(ω)
�� ��3.2

For charge carriers in the bare substrate the conductivity σ̂bulk(ω) can be described
well using the Drude model [39]:

σ̂bulk(ω) =
Nse

2/ϵ0m
∗

1− iωτs

�� ��3.3

Here, Ns is the charge carrier density, e the electric charge, m* the carrier effective
mass (=0.27m0 for the electron) and τs the carrier scattering time. The extracted scat-
tering time is somewhat reduced for higher charge densities due to increased likeli-
hood of electron-hole scattering events [74]. From experiments where the substrate
is directly excited, we find values between 150 fs for the highest excitation densities
and 210 fs for the lowest ones used in the experiments.

Charge carriers in nanowires respond differently to the THz probe than in bulk. In
such a confined geometry carriers experience a restoring force which results in a shift
of the conductivity response (centered at zero for the Drude response) to higher fre-
quencies. Depending on the exact conditions and the consequential physical origin
of this restoring force, one can describe this situation by either plasmon resonances
[160, 166, 195], embedding the Drude model in an effective medium [77], applying a
generalized version such as the Drude-Smith model [189], or even use Monte-Carlo
simulations [157]. For all these models a Lorentzian oscillator provides a good ap-
proximation of the NW charge response in the THz probe window:

σ̂nw(ω) =
a

1− iτnwω(1−ω2
r/ω

2)

�� ��3.4

Here, a denotes the magnitude of the NW contribution, τnw the carrier scattering
time in the nanowires andωr the resonance frequency.

In our description of σ̂tot(ω), we obtain the initial substrate charge densityNs from
the magnitude of the instantaneous (near 0 ps) conductivity. The bulk scattering
time τs corresponding to the inferred value ofNs is determined independently from
calibration measurements exciting the substrate at varying charge densities. In this
manner the contribution of σ̂bulk(ω) can be determined independently, and the pa-
rameters determining σ̂nw(ω) can be readily determined from the data.

Figure 3.4 a) shows an exemplary fit to data obtained exciting the nanowires using
s-polarized light, for a pump-probe delay time of 10 ps, for which τs = 170fs. The
Drude contribution is clearly dominating the signal, with only the low-frequency
tail of the NW contribution appearing in the THz probe window. Figure 3.4 b)
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3. Time-resolved charge carrier diffusion in silicon nanowires

Figure 3.4: a) Complex THz photoconductivity for nanowire excitation at a pump-probe delay of 10 ps
(black dots). Red lines show the fit to the two-component model and the yellow and blue shaded areas the
Drude and NW contribution, respectively; b) shows the corresponding real-conductivity dynamics (black
dots) and the extracted model parameters: filled triangle=substrate charge density Ns; open circles NW
contribution a.

shows the extracted Drude charge densities Ns and NW magnitude a at various
pump-probe delays for the THz dynamics depicted by the black dots, which were
rescaled to match Ns for clarity. As can be seen, the increase in the real conductivity
originates from an increase in the charge density in the substrate. At the same time,
a is decreasing, indicating depletion of carriers in the nanowires. It is apparent that
the observed THz conductivity increase observed in Figure 3.3 when exciting the
NWs are due to diffusion of charge carriers from the nanowires into the bulk, where
the carriers exhibit a larger response in our frequency window. Figure 3.4 further
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NW

trap reservoir

bulk

x-coordinate (nm)

0 500

Figure 3.5: Simulated time evolution of the charge density for various pump-probe delays in picoseconds,
indicated by the numbers next to the graphs. Nanowires are located in the range 0 < x < 500nm and bulk
Si for x > 500nm. The inset sketches the geometry used for the simulations. Two nanowires are attached
to the substrate and one trap reservoir to each nanowire in which charge carriers are trapped.

suggests that the signal in the dynamics as measured in Figure 3.3, which is the
real conductivity at 0.6 THz, is dominated by the Drude response of the substrate
carriers. Hence, we can thus use this type of measurement as a means to infer the
time-dependent charge density in the substrate, a quantity which is governed by
diffusion and trapping.

The difference in response observed between s- and p- polarized excitation of the
nanowires (Figure 3.3) shows that the optical extinction coefficient of the Si NW
layer is anisotropic with respect to the polarization of the excitation light. In par-
ticular, more light reaches the substrate when the excitation pulse is s-polarized than
for p-polarized light, resulting in a larger initial bulk charge density. At the same
time, more carriers are injected into the substrate for p-polarized light, indicating
that more excitation light was absorbed in the nanowires. Quantifying this behavior
provides a good starting point to extract the optical extinction coefficient of the NW
layer as a function of several parameters. As we will show in a following publica-
tion based on more extensive THz measurements, the extinction coefficient not only
depends on the polarization, but also on the excitation angle, the NW diameter (i.e.
filling fraction) and the sample orientation. Using extinction coefficients of single
silicon nanowires obtained from Mie-scattering calculations, which are embedded in
an effective-medium model, we are able to explain this behavior quantitatively.
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3. Time-resolved charge carrier diffusion in silicon nanowires

In order to quantify the diffusion and trapping dynamics we constructed a time-
dependent diffusion model in COMSOL which considers the sample geometry and
the charge density profile that is generated by the excitation beam as the starting
condition. In the model, the excitation photon flux Φ0 can be adjusted and the rel-
ative amount of excitation light that is absorbed in the NWs rnw. For rnw = 1 all
light is absorbed in the NW layer; for rnw = 0 the absorption is limited to the bulk
substrate. In the experiments this parameter can be modified by exciting the front or
back of the sample, and, for front excitation, by rotating the pump polarization. The
initial density of photoexcited carriers in the NWs (Nnw) and the substrate (Nsub)
are derived from Φ0 and rnw. The reflection of the pump beam at the NW-substrate
interface is also taken into account. The refractive index of bulk silicon at 266nm is
2.45 and effective-medium calculations show that, due to the SiO2 filling between
the wires, the refractive index of the NW layer is 1.53 for p-polarization and 1.71
for s-polarization. Hence, we use 1% reflection for p-polarized light and 8% for s-
polarized light. The small reflective losses explain the large long-time signal in Fig.
3.3. The NW trap densityNt and the diffusion constantD enter as simulation param-
eters. The inclusion of Nt is necessary given the observation that for low Nnw less
carriers are injected from the NWs into the substrate, until below a certain density
no more injection occurs (Fig. 3.3). Trapping centers are identified as midgap states
at the NW surface.

The inset of Figure 3.5 shows the geometry used for the simulation. Two nanowires
with the appropriate dimensions are attached to the bulk substrate. Both nanowires
have a trap reservoir attached to them in which a controlled amount of carriers can
diffuse into, thereby getting trapped. At τp = 0 the initial charge density profile is
created, as shown in the main window of Figure 3.5. It shows the charge density
distribution along the x-axis in nanowires and bulk (interface at x = 500nm) for a
number of pump-probe delays. The numbers next to the graphs indicate the pump-
probe delay in picoseconds. The total charge density is split and assigned to the
nanowires and the substrate by considering the reflection at the NW-substrate inter-
face and rnw. We assume that trapping occurs quickly on the timescale of diffusion
into the bulk, and allow a charge density corresponding toNt to be withdrawn from
the nanowires into the trap reservoir within the first picosecond. This results in a ho-
mogeneous reduction ofNnw along the nanowire. In the depicted case, 3.8% ofNnw

was subtracted. We note that recent ultrafast transient absorption measurements on
silicon nanowires have shown that trapping occurs within about 10 ps [104]. The
inclusion of a longer trapping time in our model merely leads to a slight speedup
of the diffusion process on the timescale of the trapping process but does not af-
fect the value of Nt. As time progresses, charges diffuse into the substrate until an
equilibrium between the two material components is reached. For every calculated
time step the charge density in the bulk is spatially integrated, which serves as the
analogue to the measured THz signal.

In order to quantify the magnitude of charge carrier transfer from the nanowires into
the bulk, we define the quantity A as A = 1 − Re[σ̂(τp = 0ps)]/Re[σ̂(τp = 400ps)].
It quantifies the fraction of charge carriers in the bulk at late pump-probe delays
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3.3. Results and discussion

that originate from the nanowires. For initial nanowire carrier densities Nnw much
larger than the trap density Nt, the diffusion dynamics are unaffected by the trap-
ping process andA only depends on rnw, which provides a way to estimate the latter
parameter. Values of rnw close to one, which emerge for p-polarized excitation, re-
sult in values for A approaching one. S-polarized excitation gives A around 0.55 and
rnw ≈ 0.6; for p-polarized excitation A ≈ 0.8 and rnw ≈ 0.87. When Nnw is low-
ered by decreasing Φ0 and becomes comparable to Nt, A decreases and eventually
reaches values of zero when most carriers in the wires have been trapped and hence
no injection from the wires into the bulk occurs. Sweeping Φ0 through this regime
in the experiment thus provides a means to estimate Nt.

Figure 3.6 shows data and the matching simulations for exactly this procedure. Φ0

was changed by a factor of about 30 from the lowest to the highest THz trace. The up-
per panel is s-polarized excitation where rnw = 0.6 and the lower panel p-polarized
excitation for which rnw = 0.87. Note that no adjustments were made for Φ0 in
the simulations with respect to the experimental pump fluence. The deviations for
some traces concerning the magnitude of the real conductivity are therefore due to
experimental uncertainties in the determined fluence.

For the highest excitation density, Nnw >> Nt, trapping is negligible. For the s-
polarized excitation case only 3.8% of the generated carriers in the NW are trapped.
The injection time is to a first approximation constant and depends in the model only
on the diffusion constant which was found to be (12 ± 2)cm2/s. This is about a fac-
tor three lower than the bulk diffusion constant, which we calculate to be around
30 cm2/s for electrons by taking the measured bulk Drude scattering time of 170 fs
and using the Einstein diffusion relation D = kTτs/m

∗, where k is the Boltzmann
constant and T room temperature. The reduction of diffusivity is expected when go-
ing from bulk to an essentially one-dimensional diffusion mechanism where carrier
scattering with the NW boundary becomes more dominant. The inset of Figure 3.6
a) shows a magnified view of the three lowest photon fluxes. One can see that A is
decreasing for decreasing Φ0, reaching zero for 2.9 ∗ 1010cm−2 and s-polarized ex-
citation, corresponding to 100% trapped carriers in the simulation. We note that for
this lowest photon flux on average only one to two carriers are excited per nanowire.
We obtain a trap density of Nt = (4.5± 1.5) ∗ 109cm−2, which in turn indeed corre-
sponds to the presence of only one to two active traps per NW on average.

We also measured a sample (Sample 2) with the same NW diameters, however treated
with a forming-gas anneal step, which is supposed to improve the surface passiva-
tion. For the lowest photon flux of 2.9 ∗ 1010cm−2 at s-polarized excitation we ob-
served a decrease in A but it did not reach zero like in the previous sample. We
estimate a trap density ofNt = (2.0±1.0)∗109cm−2, thus about a two-fold decrease
in Nt as compared to the other sample. It is worth mentioning that we neglect the
influence of excitation light scattering. The length of the nanowires is on the order
of the excitation wavelength, and nonresonant scattering is therefore likely to occur.
Part of the scattered light can be "lost", i.e. neither absorbed in the nanowires nor in
the substrate. In that case we would overestimate Nnw and in turn underestimate
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3. Time-resolved charge carrier diffusion in silicon nanowires

Nt. We estimate that less than 20% of the excitation light is lost in that way, which
places the resulting variance within the error of our values.

Figure 3.6: Time-resolved substrate charge density for various photon fluxesΦ0; a) s-polarized excitation
and b) p-polarized excitation. Red lines depict the results of the diffusion model. The inset shows a
magnified view of the three lowest Φ0.
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3.3. Results and discussion

The values of our trap densities are comparable to previously published results on
similarly passivated silicon NWs [33], which might however be coincidental. The au-
thors inferred the trap density from measurements of the photoluminescence decay
rate of photoexcited electron-hole liquid (EHL) droplets, which was on the order of
100ns, as a function of NW diameter, and used literature room-temperature capture
cross sections (CCS) to eventually obtain the trap density. The experimental condi-
tions the authors used were however different to ours: firstly, the sample was held
at a temperature of 10K, which can already alter the CCS and thus the inferred trap
density. Also, even though no exact statements were given on the pump fluence and
on the photogenerated charge density, they were presumably orders of magnitude
larger than our values, for such magnitudes are required in order to reach the EHL
phase [198]. Furthermore, a pulsed laser with nanosecond pulse duration was used.
Given previously reported trapping times of around 10 ps [104], these excitation con-
ditions, i.e. high pump fluences over nanosecond timescales, will give rise to trap
filling already during the excitation process. That would mean that the measured
recombination dynamics will be convoluted with the timescale of the occupied traps
returning to their equilibrium state, thus increasing the EHL recombination time. We
would like to stress that our measurements probe the trapping process in a more di-
rect fashion. The femtosecond excitation process is quasi-instantaneous with respect
to trap-filling times and non-trapped carriers are directly "counted" through their
THz photoconductivity after injection into the bulk.

Interestingly, the inferred trap density is much lower than the density of midgap
states, which originate from unpassivated silicon dangling bonds, and which are the
most probable source for trapping. Some of us have previously performed ESR mea-
surements on similarly passivated NWs with a mean diameter of 10nm [95], which
yielded a defect density of about 1 ∗ 1012cm−2, i.e. about two orders of magnitude
larger than the trap density inferred here. The defect density of the 25 nm NWs
investigated here is presumably lower but likely to be on the same order of magni-
tude: smaller diameter NWs possess a higher curvature and thus more strained Si-O
bonds, leading possibly to more dangling bonds. The large discrepancy between trap
density and surface defect density indicates that not all midgap states act as carrier
traps. Indeed, a previous study using pulsed photoluminescence has already shown
that silicon dangling bonds of unstrained reconstructed bulk silicon surfaces are not
recombination-active [36]. A similar situation might occur here for some defects,
although the large strain in the nanowires presumably creates unsaturated silicon
bonds beneath the surface whose dangling bonds in turn form active recombination
centers [36].

On the other hand, our measurements are only sensitive to trapping occurring on
picosecond timescales, which is a reasonable timeframe with respect to commonly
accepted defect CCSs and recent ultrafast measurements on carrier-defect recom-
bination in bulk and nanostructured semiconductors [183, 204, 91]. It is however
conceivable that the apparent low trap density originates from a dramatic decrease
in the CCS. Interface effects such as the Coulomb blockade screening mechanism,
which is known to occur at the Si-SiO2 interface and which has been well-studied in
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3. Time-resolved charge carrier diffusion in silicon nanowires

short-channel bulk silicon [147] and silicon NW field-effect transistors [225], can lead
to a dramatic reduction of the CCS, particularly at the extremely low charge densities
present here [148]. On that account, the specification of a trap density is somewhat
meaningless without knowledge of the CCS and vice versa. We thus cannot fully
conclude on whether all midgap states are electrically active, albeit with a reduced
CCS, or whether only some of them are active possessing large CCSs.

Irrespective of the actual trapping mechanism, the possible existence of traps that
are not accessible with our measurement approach or other effects that could inhibit
diffusion, the minimum charge density as measured here from which diffusion oc-
curs constitutes a key figure of merit since it will determine the potential of using the
NWs as active material in devices (e.g. solar cells) that rely on diffusion. In order
to extract a photocurrent from the NWs, it must be possible to collect the majority
of generated carriers. Our measurements however suggest that when the fluence is
reduced, all carriers generated in the NWs are trapped within the first few picosec-
onds. For the lowest pump fluence in our measurements (30 nJ/cm2) all carriers that
were generated in the wires, which is on average only one to two carriers per NW,
are trapped and no significant amount of carriers is injected into the bulk. It is there-
fore evident that many carriers need to be present in a single NW simultaneously for
traps to be passivated; otherwise no photocurrent will be collected from a solar cell
with thin silicon NWs as the active material. If one assumes a trapping time of 10 ps,
the fluence of 30 nJ/cm2 translates to a minimum power density of 3 kW/cm2 that
is required to fill traps in order to inject the remaining carriers into the bulk. This is
orders of magnitude larger than the 100 mW/cm2 power from the AM1.5 spectrum.

This conclusion might seem in variance with recently published results on silicon
NW solar cells for which good efficiencies were demonstrated [110, 200]. These
devices however relied on appreciably thicker NWs with diameters of about 1µm,
where the influence of surface defects is greatly reduced [200], or NWs of about 200
nm diameter with a coaxial p-i-n structure which reduces the diffusion length of mi-
nority carriers and screens them from surface defects [200]. Devices that would rely
on much thinner silicon NWs such as the ones investigated here, for instance in or-
der to exploit quantum confinement effects, will require greatly reducing the impact
of trapping. It is likely that NWs made of different semiconductors but comparable
diameters will face similar challenges.

3.4 Conclusion

We have measured the diffusion dynamics of photogenerated charge carriers in an
ordered silicon NW array on bulk silicon. We observe that charge carriers, which
are excited in the NWs by a femtosecond UV pulse, diffuse into the bulk on 10’s to
100’s picosecond timescales. For sufficiently low excitation fluences this diffusion
process stalls because the majority of charge carriers become trapped at NW surface
defects. Using a model that simulates the diffusion process we extracted parameters
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3.4. Conclusion

such as the diffusion constant and the NW trap density. The trap density was found
to be two orders of magnitude smaller than the density of surface defects that are
commonly identified as carrier traps. This suggests that either only a small part of
surface defects can actually scavenge charge carriers or that screening mechanisms
reduce the capture cross section. Irrespective of the mechanism, the charge density
at which diffusion stalls is orders of magnitude larger than what would be gener-
ated by sunlight. Hence, in order to collect photoexcited charge carriers using these
thin silicon NWs as active material in a solar cell, surface defect passivation must be
dramatically improved.
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