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ABSTRACT: Ultrafast carrier dynamics in arrays of single
crystal and relatively uniform-diameter Ge nanowires (NWs)
are investigated by transient absorption measurements and
effective medium simulations. We present the first quantitative
analysis of a Ge NW−air metamaterial, translating the photon
response of the assemblies to carrier dynamics. Three time
regimes of the ultrafast recombination process are identified:
Auger recombination dominant (0−5 ps), “fast” surface
trapping and recombination dominant (5−20 ps), and a mix
of “fast” recombination and “slow” surface trapping (20−200 ps). The rates of surface recombination and their dependences on
pump fluence are determined, highlighting the different interactions of electrons and holes with Ge NW surface and interface
states. Structural and excitation conditions can be engineered to extend the photogenerated electron and hole lifetimes. Small
wire diameters and low pump powers enhance the electron lifetime because charging of defect states in the surface oxide layer
produces a potential barrier for electrons to be trapped at Ge/GeOx interface. This phenomenon simultaneously causes an
enhancement of hole lifetime for relatively large wire diameters and large pump powers.
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Nanostructured semiconductors have been investigated in
recent years due, in large part, to their unique electronic

and optical properties emerging from their anisotropic
geometry, large surface-to-volume ratio, and their ability to
confine electronic carriers. The observed size- and geometry-
dependent properties of these nanostructures make them
suitable for a broad range of applications. Among these,
nanoscale germanium (Ge) wires, particularly, can be used as
building blocks for advanced optoelectronic applications, such
as lasers,1−3 light emitters,4,5 photoresistors,6 and photo-
detectors.7−10 Although such sophisticated devices have been
demonstrated, the investigation of the fundamental ultrafast
carrier dynamics of semiconductor nanowire (NW) assemblies
is so far limited to a small group of materials11−13 and to
qualitative analysis.14,15 A quantitative translation of the photon
response of NW assemblies to carrier dynamics in these
structures is essential to exploit them in the design of nanoscale
optoelectronic devices.
In this work, we study carrier dynamics in arrays of single

crystal and relatively uniform-diameter Ge NWs by ultrafast
transient absorption experiments and effective medium
simulations. The carrier dynamics of Ge NW assemblies within
200 ps after excitation are very sensitive to the presence of
surface states; therefore, the dynamics show a strong depend-
ence on both the NW diameter and the excitation power. The
effects of NW diameter on carrier dynamics are investigated

and indicate a surface-mediated recombination process
dominating during periods 5−200 ps after the pump pulse.
This finding is generally consistent with several prior reports on
surface recombination in semiconductor NWs.13,14,16 Here we
present the first quantitative analysis of a Ge NW−air
metamaterial using the photon response of the assemblies to
determine carrier dynamics. This analysis enables us to identify
three time regimes for ultrafast recombination processes: Auger
recombination (0−5 ps after photoexcitation), recombination
via carrier trapping at fast surface states on the nanowires (5−
20 ps), and recombination via both fast and slow surface traps
(20−200 ps). The rates of surface recombination and their
dependence on pump fluence are estimated, and an analysis of
the impact of slow states, associated with defects in the
surrounding GeOx native oxide coating of the wires, is
presented. These results highlight the distinct interactions of
electrons and holes with NW surface states, thus providing
insights into (1) the effects of surface defect passivation on
semiconductor NWs and (2) the design principles for
nanoscale optoelectronic devices.
Germanium NWs were grown to ∼7 μm length via the

vapor−liquid−solid (VLS) mechanism using presized colloidal
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Au nanoparticle catalysts. The diameters of Ge NWs are
determined by, and slightly larger than, the diameters of the Au
catalysts due to Au particle coarsening prior to wire nucleation.
Figure 1a shows a representative SEM image of the vertically

aligned, dense Ge NWs under investigation. The spacing
between NWs is small compared to the wavelength of light in
the air and substrate and this enables an effective medium
analysis of the optical measurements provided in this paper.
Femtosecond pump−probe spectroscopy is an ultrafast

optical method allowing separate measurement of electron
and hole dynamics in indirect semiconductor nanostructures by
selecting the appropriate probe wavelength according to the
electronic band structure. In this work, we probe carrier
dynamics in Ge NWs whose diameters are greater than or equal
to 20 nm. In the case of Ge NWs, it has been shown that the
bulk band structure allows a quantitatively accurate interpre-
tation of data obtained from NW diameters larger than 10
nm.17,18 The schematic bulk Ge electronic band structure in
Figure 1b shows the conduction band minimum at L and the
corresponding indirect band gap of 0.66 eV. Because excited
electrons are scattered to the L-valley within a few ps after
above-band gap excitation, hole and electron dynamics can be
studied by ultrafast transient absorption (TA), tuning the probe
wavelength in the near IR range (1−1.5 μm, 0.8−1.2 eV) for
holes and, in the visible range (450−600 nm, 2.1−2.8 eV), for
electrons.14,19 In a bulk indirect gap semiconductor, such as Ge,
carrier lifetime is typically in the range of microseconds to
milliseconds, much longer than that of a direct gap semi-
conductor like GaAs. However, nonradiative recombination at
surface states, which plays an important role in semiconductor
NWs, can reduce carrier lifetime greatly. For Ge NWs, the
effects of two populations of defect states associated with the
nanowire surface are discussed in detail in this report.
In previous research, it has been shown that state-filling

induced transient bleaching and free-carrier transient absorp-
tion govern the spectra of reflected probe illumination in the
visible range (450−600 nm, 2.1−2.8 eV).20 Transient
absorption dominates in the shorter wavelength regime,
reflecting a process in which electrons excited by the pump
pulse are excited again by the probe from states near the
conduction band edge to higher available states.20

■ RESULT AND DISCUSSION
Optical-pump (780 nm, 1.6 eV), visible/near-IR probe
experiments were performed on Ge NW assemblies with
different, well-controlled (Ge NWs prepared and grown under
the same conditions used in this study and with 40 nm
diameter Au colloid catalysts have a diameter distribution of
59.15 ± 5.36 nm (1σ)) diameters to study carrier relaxation in
these systems. Comparing experiments on Ge NWs with solid
Au catalyst at their tips, to Ge NWs after selective removal of
Au using a tri-iodide wet etch chemistry, we found the
difference in carrier relaxation to be negligible. It has been
reported that surface states have a dominant effect on electrical
properties compared to Au impurity atoms in VLS-grown Ge
NWs.21 Figure 2 depicts measurements of hole (1200 nm

probe, see Figure 1b) dynamics in samples prepared with 80,
40, and 20 nm diameter Au nanoparticles at a pump fluence of
500 μJ·cm−2. After pumping, excited holes occupy states near
the valence band edge. When probe pulses with 1200 nm
wavelength (1.0 eV) are incident, the absorption is limited and
the reflected signal is therefore increased compared with that
before pumping, because the states are occupied. This is known
as the state-filling induced bleaching. As excited holes populate
these states and recombine from them, the reflected signal
increases, providing a probe of hole dynamics.
In Figure 2, the detected differential reflection traces,

normalized to the maximum in each trace to compare the
temporal behavior, are plotted. The fast signal rise for each
sample is due to the initial photoexcitation of holes into energy
states in the valence band which are probed by time-delayed
1200 nm (1.0 eV) pulses, while the subsequent signal decay
results from relaxation of holes out of these states. As clearly
shown in Figure 2, the hole lifetime decreases with the NW
diameter, confirming a surface-mediated recombination mech-
anism.13,14 Previous studies have indicated that there are two
distinct types of surface states on air-exposed Ge crystals. Fast
states, physically located at the interface between Ge and its
native oxide, have a carrier capture time shorter than a
microsecond, and they are chiefly responsible for nonradiative
carrier recombination.14,21−23 For bulk Ge crystals with native
oxide, fast surface states include an electron trap 0.24 eV below
the conduction band edge and two hole traps 0.17 and 0.22 eV

Figure 1. (a) SEM image of vertically aligned Ge NWs grown on Si
(111) substrates using 40 nm Au colloids. (b) Schematic Germanium
band diagram with pump and probe energy labeled. The zoom-in
diagram shows probe pulses, with energy 2.1− 2.8 eV (450−600 nm),
for electrons in L-valley of conduction band.

Figure 2. Optical pump−probe measurements on Ge NWs with
different diameters (20, 40, and 80 nm). The pump wavelength was
780 nm (1.59 eV), and the probe wavelength was set to 1200 nm (1.03
eV) to probe hole dynamics. The pump fluence was around 500 μJ·
cm−2. The differential reflection traces are normalized to the maximum
in each trace to compare the temporal behavior.
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above the valence band edge.24 Slow states, existing in the Ge
native oxide layer, have carrier trapping times that vary from a
microsecond to hundreds of seconds.13,22,23,25 The large
surface-to-volume ratio of semiconducting nanowires makes
them extremely sensitive to surface states that can trap carriers,
and several studies indicate that fast surface states14,21−23 are
primarily responsible for nonradiative carrier recombination.
The negative signal observed in Figure 2 for longer time delays
does not recover within the 1 ns measurement time window
used in our experiments. A similar negative reflectivity signal
has been observed previously14 and is likely due to the induced
absorption of probe photons by trapped carriers that do not
have an opposite charge with which to recombine.
There have been several studies concerning the diameter-

dependent surface recombination rate in semiconductor
NWs.13,14,26 However, few reports contain analysis of the
excitation-dependence of the surface recombination rate. Here,
we present a detailed analysis of the impact of excitation power
on electron and hole concentration decay. Figure 3a and b
demonstrate, respectively, hole (1200 nm probe, 1.0 eV) and
electron (550 nm probe, 2.3 eV) dynamics for different pump

powers in 80 nm diameter Ge nanowire samples with a fixed
beam spot size of 4 mm2. Figure 3a shows that, after
photoexcitation, state-filling induces a bleach for the 1200 nm
wavelength (1.0 eV) probe. Holes are excited into the valence
band after the pump pulse; however, the same excitation of
holes is prohibited for the 1200 nm (1.0 eV) probe pulse
because the final states have already been occupied by excited
holes. This leads to a decrease of absorption, showing a
transient bleaching in the spectra. Similar bleaching of
interband optical transitions has been observed in both single
semiconductor NWs11,27 and in ensembles.12,14,28 On the other
hand, Figure 3b shows free electron induced absorption
immediately after the pump pulse. This phenomenon occurring
during absorption of the probe pulse is the further excitation of
already excited electrons, from states near the conduction band
edge to available higher energy states. These results indicate
that the state filling effect observed in Figure 3a is caused by
free holes in the valence band, while the free carrier induced
absorption in Figure 3b is produced by free electrons in the Ge
conduction band (L-valley). The oscillations in Figure 3b result
from the transient excitation of acoustic phonons in the NWs
after exposure to the intense pump pulse.20 As expected, the
oscillation magnitudes increase as excitation power increases.
Full spectra of the probe-wavelength dependent reflectivity

versus time (not shown) for electrons (520−720 nm probe;
1.73−2.39 eV) confirm the increasing decay rate with pump
fluence observed in Figure 3b. Hole and electron dynamics
were examined in different sample sets of Ge NW assemblies,
with controlled NW diameters deposited over a period of
several months. They were tested with a range of pump fluence
from 10 s of μJ/cm2 to several mJ/cm2 and exhibited the same
trends shown in Figures 2 and 3, indicating the reproducibility
of the sample preparation and pump−probe characterization
methodologies.
Despite the fact that transient absorption behavior for

electrons and holes is associated with different physical
phenomena, recovery of the reflectivity signal monitors the
dynamics of carrier trapping at fast surface states. It is
interesting to note that, as shown in Figure 3a,b, the rates at
which holes and electrons are trapped are, respectively,
decreasing and increasing functions of carrier density. This
can be explained by the influence of the slow surface states and
the resulting band bending near the NW surface, often seen in
semiconductors.13,22,23,25 On the surface of Ge NWs, a native
oxide layer contributes acceptor-like trap states below the
intrinsic Fermi level.21 At equilibrium, these states are filled by
electrons, thus promoting hole accumulation near the NW
surface, and forming an energetic barrier for electrons to diffuse
toward the surface.24,25,28 At low photoexcited carrier density,
the residual electrons trapped in slow states in the surface oxide
will attract holes and thus, promote hole trapping in fast surface
states at the Ge/oxide interface. On the other hand, electrons
must surmount a potential barrier to be trapped in the fast
surface states, which tends to enhance the free electron lifetime
compared to situation without slow surface states. Figure 3c is a
comparison of electron and hole dynamics under low pump
power, where both peaks are normalized to maximum, showing
that the lifetime of electrons is longer than the lifetime of holes
at similar, low pump powers. Comparison with Figure 3a
suggests that the lifetime of holes after 10 μJ excitation is even
shorter than that for 22 μJ. At high carrier density, more
electrons are excited from the slow surface states, which reduces
the band bending and hole accumulation effect near the surface,

Figure 3. Comparison of (a) hole (1200 nm probe, 1.03 eV) and (b)
electron (550 nm probe, 2.25 eV) dynamics in 80 nm NWs for
different pump power with a fixed beam spot size of 4 mm2. For
increasing pump intensity (marked by dashed arrow), hole lifetime
increases while electron lifetime decreases. (c) Normalized hole and
electron dynamics under low pump power. The differential reflection
traces are normalized to the maximum in each trace to compare the
temporal behavior.
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and allows both types of carriers to migrate to the surface. A
schematic depiction of electrons trapped in slow surface oxide
states under different conditions is shown in Figure 4. A high
resolution TEM image of the thin native oxide coating of an air-
exposed ⟨111⟩-oriented Ge NW (40 nm nominal diameter) is
also shown in Figure 4d. Previously reported synchrotron
photoelectron spectroscopy data29 indicate that this Ge
nanowire surface oxide layer is oxygen-deficient relative to
GeO2, consistent with a substantial trap state density that is
found to suppress radiative recombination via the indirect gap
transition.30

Understanding this mechanism is helpful for engineering the
photogenerated electron and hole lifetimes in the nanowires.
The electron lifetime tends to increase for small NW diameters
and low pump powers because electrons that remain trapped in
slow surface states produce a barrier for electrons to be trapped
in the fast surface states, as evidenced by Figures 3b,c. In
contrast, these results suggest that the hole lifetime can be
increased by (1) surface passivation to avoid surface native
oxide formation on the wires or to produce a less defective
surface oxide and oxide/Ge interface, (2) increasing the NW
diameter, and (3) exciting the NW using higher power pump
pulses. Previous research has indicated that intentional
oxidation of native oxide coated Ge NWs produces a more

stoichiometric, GeO2-like, oxide shell that suppresses non-
radiative carrier recombination due to surface defects.31

Moreover, adding a shell of another semiconductor, such as
silicon, that exhibits a valence band offset for effective hole
confinement away from the wire surface, can shield the Ge core
from oxide/semiconductor and bulk oxide defects on the wire
surface.32

It is worth noting that, after optical excitation empties the
slow surface states, electrons trap at these states to achieve
equilibrium in a time frame from microseconds to hundreds of
seconds.22,23 By adjusting the pump power levels, even with an
ultrashort incident pulse, the increase in the effective electron
and hole lifetime can be long-lasting. This has important
implications for the electronic and optoelectronic nanowire
devices. Although this mechanism was suggested by other
reports,14,23 to the best of our knowledge, Figure 3 is the first
experimental evidence of an inverted trend between electron
and hole lifetime with increasing carrier concentration in Ge
NWs.
In addition to a qualitative interpretation of carrier dynamics

from transient absorption data obtained from Ge NW
assemblies, we also apply an effective medium simulation
model to quantitatively translate the transient absorption of a
Ge NW-air metamaterial to time-dependent carrier concen-

Figure 4. Schematics of electrons trapped in slow surface states of a vertical Ge NW from a cross-sectional view, and a TEM image of an as-grown
nanowire surface, showing native oxide. Blue center areas are Ge NW, and gray areas are native oxide layer on Ge NW surface. Note there are fast
surface states at the interface of the Ge/native oxide (not shown in these schematics). Slow surface states are produced by defects in the native oxide
layer, and are filled by electrons at equilibrium (a). (b, c) Scenarios under low and high power excitation, respectively. Since only some electrons
detrap in (b), the barrier Φ for electrons to trap in fast states is higher than the barrier Φ in (c), where the surface slow states are emptied due to
high power excitation. (d) The <1 nm native oxide coating of a typical, air-exposed Ge NW.

Figure 5. (a) Schematic of an idealized Ge NW array used to simulate the optical response, where the Ge NW array forms an effective medium slab.
(b) Carrier concentration dynamics in 40 nm diameter Ge NWs under different pump fluences, which are translated from transient absorption data
of Ge NW assemblies using effective medium simulation. Probe wavelength is 470 nm. Background shade colors serve as a guide to view different
decay time regimes.
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trations. We have demonstrated how to use this tool to
simulate transient absorption spectra of Ge NW assemblies,
achieving good agreement with experimental observations.20

To extract carrier concentrations from the transient absorption
data, the effective medium theory and the Drude model are
combined with the Transfer Matrix Method (TMM) to
calculate the induced absorption for the vertically aligned Ge
NW arrays. Invoking an effective media model,20,33 we use an
idealized NW assembly, as shown in Figure 5a, to calculate the
effective refractive index of actual Ge NW array samples.
Nanowires with diameter d are arranged in a square lattice of
period a in both x and y directions and have a length L in the z
direction. In this report, based on an estimation from SEM
images of 40 nm samples, we focus on a structure with such
parameters: d = 40 nm, a = 135 nm, and L = 7 μm. Following
photoexcitation by the pump pulse, the refractive index of Ge
changes with the free carrier concentration, which is accounted
for in the effective medium model. Changes in the real part of
the index (Δn) and in the imaginary part of index (Δk)
produced by a nonequilibrium concentration of electrons (ΔN)
and a nonequilibrium concentration of holes (ΔP) can be
estimated using the Drude model.20,34 More details about this
simulation approach can be found in ref 20. Figure 5b shows
that the extracted time-dependent carrier concentrations decay
at different rates under different pump fluences. It is clear that
for all pump fluences there are three time regimes: 0−5 ps, 5−
20 ps, >20 ps, where the decay rates are different, indicating
different dominant recombination mechanisms as discussed
below.
Immediately after the pump pulse, due to the high, transient

carrier concentration, the photoexcited carriers are expected to
recombine rapidly through Auger recombination, where one
electron−hole pair gives up its energy to another carrier.35−38

The rate of this three-body process is therefore cubic in carrier
concentration N,

= −N
t

C N
d
d 3

3
(1)

In order to estimate the Auger coefficient C3 from a simple
linear fitting of extracted carrier concentrations, eq 1 can be
rearranged to give

= +− −N t C t N[ ( )] 2 [ (0)]2
3

2
(2)

We can see that the left-hand side of eq 2 has a linear
dependence on the time (t). By plotting [N(t)]−2 versus time
for the carrier concentrations shown in Figure 5b, we find that
data in the time regime of 0−5 ps agree well with a linear
fitting, which is expected from the required high carrier
concentrations typical of the Auger process.34,37,38 Figure 6a
displays a representative plot of eq 2 for 40 nm samples and a
pump fluence of 1 mJ/cm2. Linear fitting is presented for the
probe wavelength 470 nm (2.6 eV). The fitted intercept value
gives an estimation of the initial free carrier concentration of 7
× 1020 cm−3, consistent with the extracted value in the
simulation (6.17 × 1020 cm−3). The slope value 2 × 10−42 cm6

ps−1 corresponds to 2C3 in eq 2, giving an estimated Auger
coefficient of about 1 × 10−30 cm6 s−1. Similar values of the
Auger coefficient have been reported in multiple references for
Ge and Si.37,38 This agreement is further evidence that, in these
photoexcited Ge NW assemblies, Auger recombination
dominates the initial fast decay of carrier concentrations for
0−5 ps after excitation. Beyond this time window, carrier
concentrations diminish and, therefore, Auger recombination is

less prominent than the trapping and recombination of carriers
via fast surface states,13,14,22 as we have shown in Figures 2 and
3.
The second time regime shown in Figure 5b, 5−20 ps, can be

attributed to recombination via fast surface states at different
excitation powers, under the influence of the electrons trapped
in the slow surface states of the peripheral oxide, as shown in
Figure 4. Here, quantitative analysis is performed by fitting the
data to exponential functions to extract lifetimes for carriers
under different pump fluences for this time regime. The
plotting and fitting shown in Figure 6b indicate an extended
carrier lifetime at high pump power, consistent with the
behavior of excited holes as discussed above. This hole-behavior
of the extracted carrier concentration can be understood by the
assumption of the Drude model we used in the simulation.20

We assumed that the initial nonequilibrium concentration of
electrons (ΔN) and nonequilibrium concentration of holes
(ΔP) after excitation are equal because the NWs are undoped.
However, an energy barrier for electron trapping at fast surface
states resulting from electron trapping at slow states in the
superficial GeOx layer will cause electrons and holes to decay at
different rates during the relaxation. In fact, the carrier
concentrations we extracted (Figures 5 and 6) are weighted
averages of electron and hole concentrations, and the weights
stand for the relative contributions of electrons and holes to

Figure 6. (a) Plots and linear fitting for Auger recombination process
in 40 nm samples under a pump fluence of 1 mJ/cm2 for probe
wavelength 470 nm (2.6 eV). An Auger coefficient of about 1 × 10−30

cm6 s−1 is estimated. (b) Plots and exponential fitting of carrier
concentration in 40 nm diameter Ge NWs under different pump
fluences in the time window 5−20 ps, where the fast surface trapping
process dominates the decay. Probe wavelength is 470 nm (2.6 eV).
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induced absorption in the NW-air metamaterial, as shown in
the equation

λ
π ε μ μ

Δ = Δ
* + Δ

*

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟k

e
c n

N
m

P
m16 ( ) ( )

3 3

3 3
0 e ce

2
h ch

2
(3)

where Δk is the change of the imaginary part of the complex
index of refraction of the NW-air metamaterial under study, and
k indicates the amount of absorption loss, e is the electron
charge, λ is the optical wavelength, c is the speed of light, ε0 =
8.85 × 10−12 F·m−1, n is the initial refractive index at λ, m*ce
and m*ch are the conductivity effective masses, and μe and μh
are the electron and hole mobilities at carrier concentrations
ΔN and ΔP. The weights of the electron and hole
concentration, are respectively, (1/(μe(mce*)

2)) and (1/
(μh(mch*)

2)). The weight of the hole concentration in
determining the induced absorption is about 6 times larger
than that of electron concentration, based on published values
for germanium.39 Therefore, the extracted carrier concentration
decay is expected to have a hole-like dependence on excitation
power.
The estimated lifetimes of carriers under different pump

fluences for the 5−20 ps regime are shown in Table 1. These

extracted lifetimes clearly decrease as pump fluence decreases,
which is consistent with a greater tendency of holes to drift
toward the nanowire sidewall surface to recombine at fast
surface states, under the influence of trapped negative charge in
the surrounding GeOx surface oxide. Different values of surface
recombination lifetime have been reported, from 1 ps to 1 ns, in
Ge NWs.14,15,30 In addition to the NW diameter, the surface
composition and chemical bonding also play a critical role in
determining the surface recombination lifetime, which explains
the variation of reported lifetime values. For the time window
beyond 20 ps, as shown in Figure 5b, carrier concentrations
decay at slower rates. We suspect that this relatively slow
process reflects a combination of fast surface state recombina-
tion, and trapping of photogenerated electrons at slow surface
states to regain equilibrium after excitation. The latter process
influences fast surface recombination.24,25,28 Further experi-
ments for longer time frames are necessary to verify the time
constant of this process occurring at times more than 20 ps
after excitation.
In conclusion, we have probed surface recombination of

photogenerated carriers in a vertically aligned single crystal Ge
NW array-air metamaterial system and have demonstrated
diameter-dependent recombination rates and excitation-de-
pendent fast surface recombination rates of pump-induced free
carriers. Different responses of electrons and holes to the pump
fluence are consistent with the influence of the electrons
trapped in slow surface states arising from defects in the native
oxide layer on the Ge NWs. Quantitative analysis of Auger
recombination and fast surface recombination is possible using
an effective medium analysis to connect the transient

absorption spectra of the Ge NW array-air metamaterial to
time-dependent photogenerated carrier concentrations. Using
this simulation tool, we find that (1) the time regime 0−5 ps
after excitation is dominated by Auger recombination with an
Auger coefficient about 1 × 10−30 cm6 s−1, (2) the time regime
5−20 ps is dominated by fast surface state recombination with a
surface lifetime of ∼13 ps, and (3) the time regime >20 ps is
dominated by recombination via both fast and slow surface
traps, due to the influence of emptying and trapping of slow
surface states. Based on the different responses of electrons and
holes to surface recombination versus excitation power, the
hole lifetime is longer at higher excitation laser power, while the
opposite is true for the electron lifetime. The electron lifetime
can be increased by decreasing the NW diameter and reducing
the pump power. This is not an intuitive result because, in
general, NWs with smaller diameters are more affected by the
surface states.23,26 Here the existence of slow defect states in
the surface oxide produces a potential barrier for electrons to be
trapped at fast surface states at low pump power. The observed
results suggest that the hole lifetime can be increased by (1)
avoiding surface native oxide, minimizing the concentration of
traps in this oxide or displacing it from the Ge core by adding a
shell of another semiconductor to achieves hole confinement,
(2) increasing the NW diameter, and (3) exciting the NW by a
high power pump pulse. Considering that the trapping time
constants reported for slow surface states are in the range of
microseconds to hundreds of seconds,22,23 the enhancement of
hole lifetime under high excitation levels is expected to be long-
lasting, which may significantly influence the transient
optoelectronic characteristics of nanowire devices.

■ METHODS
Undoped Si(111) substrates (N-type, resistivity >1000 ohm·
cm) were used for the NW growth experiments. Commercially
available 20, 40, and 80 nm diameter Au colloids (obtained
from Ted Pella, Inc.) were diluted by 2% HF with 10:1 colloid
to HF volume ratio. Single crystal Si(111) substrates, their
surfaces decorated with colloidal Au nanoparticles, were
transferred to the load-lock of a cold-walled CVD chamber
for NW growth. The lamp-heated, cold-walled CVD system
used for the NW growth experiments has been described in a
previous publication by Jagannathan et al.40 A two-temperature
growth procedure, which was previously developed for the
epitaxial growth of untapered Ge NWs using gold as a
catalyst,41 was employed. The samples were heated up to 365
°C and held at that temperature for 90 s in the presence of
GeH4 diluted with H2. The subsequent growth step temper-
ature was at 300 °C, with a duration of 60 min, producing wires
of ∼7 μm length. The total pressure inside the reactor chamber
was 30 Torr, with GeH4 partial pressure of 0.75 Torr. The
diameters of Ge NWs are mainly determined by, and slightly
larger than, the diameters of the Au catalysts due to Au particles
coarsening prior to wire nucleation.42 More details about
sample preparation are described in another paper.20

In the ultrafast TA experiment described here, the pump
wavelength was 780 nm (1.59 eV) with a pulse duration around
230 fs, as determined by autocorrelation. Similar pulse
durations have been found for the different probe wavelengths
we used in this study. All experiments were performed at room
temperature with vertically polarized pump and probe pulses,
near normal incidence to the substrate. The probe is detected
after reflection from the sample substrate by a homemade
integrating photodiode, coupled with a fast data acquisition

Table 1. Estimated Carrier Lifetimes of 40 nm Diameter Ge
NW Assemblies under Different Pump Fluences in the Time
Window of 5−20 ps

pump fluence (μJ/cm2) lifetime (ps)

1000 14.1
610 11.9
216 11.1
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card. A mechanical chopper, inserted in the pump line, is
operated at half the laser repetition rate (500 Hz) and allows a
pump-on/pump-off configuration to determine the change in
reflection coefficient induced by the pump pulse. As the
reflection of the probe pulse occurs mainly at the Si substrate,
the NWs are effectively measured in transmission. More details
about the ultrafast TA experiment setup can be found
elsewhere.20
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