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Abstract We have studied femtosecond carrier dynamics

in InN nanowires grown by reactive vapor transport.

Transient differential absorption measurements have been

employed to investigate the relaxation dynamics of

photogenerated carriers near and above the optical

absorption edge of InN NWs where an interplay of state

filling, photoinduced absorption, and band-gap renormal-

ization have been observed. The interface between states

filled by free carriers intrinsic to the InN NWs and empty

states has been determined to be at 1.35 eV using CW

optical transmission measurements. Transient absorption

measurements determined the absorption edge at higher

energy due to the additional injected photogenerated car-

riers following femtosecond pulse excitation. The non-

degenerate white light pump-probe measurements revealed

that relaxation of the photogenerated carriers occurs on a

single picosecond timescale which appears to be carrier

density dependent. This fast relaxation is attributed to the

capture of the photogenerated carriers by defect/surface

related states. Furthermore, intensity dependent measure-

ments revealed fast energy transfer from the hot

photogenerated carriers to the lattice with the onset of

increased temperature occurring at approximately 2 ps

after pulse excitation.
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Introduction

Semiconductor nanowires (NWs) have received increasing

attention over the past years because they constitute an

important class of fundamental building blocks for the

development of nanotechnology. Semiconductor NWs

have been grown from not only group IV elements [1, 2]

but also III–V [3–6] and II–VI [7] compound semicon-

ductors including variation of composition and doping

along their length and radius. Among the III–V’s, nitride

(N) semiconductors are especially attractive due to the fact

that their energy band-gap can be adjusted over a very wide

range e.g., between 0.7 eV for InN up to 6.0 eV in AlN by

changing the composition of the ternary semiconductor

InxAl1-xN over 0 B x B 1. Semiconductor quantum dots

such as InN which have been grown by molecular beam

epitaxy (MBE) on GaN have been investigated by Lozano

et al. [8] while ultrafast carrier dynamics have also been

investigated in self-assembled quantum dots by Rainò et al.

[9]. In addition, InN NWs have been grown by a variety of

methods [10–14], including reactive vapor transport [10,

11], chemical vapour deposition [12], and molecular beam

epitaxy [13]. Similarly, AlN NWs have been obtained

using similar methods but the growth of InxAl1-xN with

intermediate band-gaps remains yet to be investigated.

Evidently, understanding the growth mechanisms and basic

electronic and optical properties of the binary InN and AlN

semiconductor NWs is a prerequisite for further investi-

gations of InxAl1-xN with 0 B x B 1. To date the

electronic properties of InN NWs such as resistance and
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conductivity [15–18] have also been measured, and the InN

NWs are found to be n-type with very large carrier den-

sities in the range 1018–1022 cm-3 and maximum electron

mobilities of 300 cm2/Vs which are lower than those

measured in epitaxial InN layers. In addition the optical

properties of InN NWs such as their steady-state photolu-

minescence (PL) spectra have also been measured [14,

19–23] but no detailed, time-resolved-transient spectros-

copy measurements have been carried out as in the case of

other semiconductor NWs such as InP [24], CdS [25] and

GaN [13]. Consequently, in an attempt to systematically

investigate N-NWs such as InN, AlN, and InxAl1-xN with

0 B x B 1, we focus on the growth of InN NWs by reactive

vapour transport and investigate the nature of the electronic

states by time-resolved differential absorption spectroscopy

which is a versatile, non-destructive method that can reveal

the dominant recombination mechanisms and carrier

dynamics [26].

Experimental Procedure

The InN NWs were grown using a chemical vapor depo-

sition (CVD) system that consists of four mass flow

controllers (MFC’s) and a horizontal tube furnace, capable

of reaching a maximum temperature of 1,100 �C. More

specifically InN NWs were grown on n? Si(111), covered

with a thin layer of Au that had a thickness of 1–2 nm. The

Au/Si(111) samples had an area &1 cm2 and initially the

silicon was cleaned in HF, rinsed in de-ionized water and

dried prior to the deposition of the Au layer in order to

remove the native oxide and surface contamination. The

Au layer was deposited via sputtering at a rate of 10 Å/s

using an Ar plasma under a pressure \10-4 mBar.

In order to grow InN NWs, we used &0.2 g of fine In

powder (Aldrich, Mesh-100, 99.99%) that was loaded in

the center of a quartz boat. Two samples of Au/Si(111)

were then loaded into the quartz boat; one &5 mm above

the In powder and another &10 mm downstream from the

In powder. Subsequently, the quartz boat was loaded into a

quartz tube with a 25-mm diameter, right at its centre and

directly above the thermocouple used to measure the heater

temperature. After loading the quartz boat at room tem-

perature (RT), nitrogen N2 (99.999%) was introduced at

500 standard cubic centimetres per minute (sccms) for

5 min in order to purge the tube and eliminate oxygen and

moisture. Following this, the temperature was ramped to

the desired growth temperature (TG) over a 30-min interval

in a continuous flow of NH3 at 250 sccms. Upon reaching

TG the flow of NH3 was maintained at 250 sccms for a

further 60 min in order to grow the InN NWs after which

the quartz tube was allowed to cool down slowly in a

reduced flow of 50 sccms of NH3 for at least 60 min in

order to prevent dissociation of the InN NWs. On reaching

RT, the quartz boat was removed from the tube. For the

optical measurements, InN NWs were grown directly onto

square pieces of quartz with an area of &1 cm2. The

morphology of the InN NWs was examined with a TE-

SCAN scanning electron microscope (SEM). The crystal

structure and the phase purity of the InN NWs were

investigated using a SHIMADZU, XRD-6000, X-ray dif-

fractometer and Cu Ka source. A scan of h–2h in the range

between 10� and 80� was performed for the InN NWs that

were grown on Si(111) and quartz.

In this study, the dynamic behavior of carriers in InN

nanowires following femtosecond pulse excitation is

investigated through the temporal behavior of reflectivity

and transmission [27, 28]. The experiments were carried

over a wide range of intensities using two different laser

amplifier systems. The first amplifier consisted of a self

mode-locked Ti:Sapphire oscillator generating 100 fs pul-

ses at 800 nm. A chirped pulsed laser amplifier based on a

regenerative cavity configuration is used to amplify the

pulses to approximately 1 mJ at a repetition rate of 1 kHz.

The second amplifier system consisted also of a mode-

locked Ti:Sapphire generating 50 fs pulses at 800 nm.

These pulses were amplified with a high repetition rate

regenerative amplifier, cavity dumped by an acousto-optic

modulator, generating 1 W, 70 fs pulses at 250 kHz center

at 800 nm. In both systems the amplified pulses were used

to generate 400 nm using nonlinear BBO crystals. A half-

wave plate and a polarizer in front of the nonlinear crystals

were utilized to control the intensity of the pump incident

on the sample. A small part of the fundamental energy was

also used to generate a super continuum white light by

focusing the beam on a sapphire plate. An ultrathin high

reflector at 800 nm was used to reject the residual funda-

mental pulse from the generated white light to eliminate

the possibility of effects by the probe beam. The white light

probe beam is used in a non-collinear geometry, in a

pump–probe configuration where the pump beam was

generated from the frequency doubling of the fundamental.

Optical elements such as focusing mirrors were utilized to

minimize dispersion effects and thus minimize the broad-

ening of the laser pulse. The reflected and transmission

beams are separately directed onto their respective silicon

detectors after passing through a band pass filter selecting

the probe wavelength from the white light. The differential

reflected and transmission signals were measured using

lock-in amplifiers with reference to the optical chopper

frequency of the pump beam. The temporal variation in the

photoinduced absorption is extracted using the transient

reflection and transmission measurements, which is a direct

measure of the photoexcited carrier dynamics within the

probing region [26–28]. Precision measurements of the

spot size on the sample of the pump beam along with
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measurements of reflection and transmission at the pump

wavelength provided accurate estimation of the absorbed

fluence ranging from 10 lJ/cm2 to 5 mJ/cm2) for the

experiments in this study.

Results and Discussion

InN NWs were grown at several temperatures i.e.,

TG = 500, 600, 700, 800, 900, and 1,000 �C. The growth

of InN NWs on both silicon and quartz resulted into a dark,

nearly black layer. Typical SEM images of the InN NWs

are shown in Fig. 1a–e. For TG = 1,000 �C we found that

large, spherical droplets of In formed on the surface with

diameters ranging from a few micrometers up to many tens

of micrometers. There was evidence of wires with large

diameters of nearly 1 lm emanating from a few of these

large In droplets but these large wires were not abundant.

At TG = 900 �C, we obtained InN wires which are shown

in Fig. 1a. The yield was limited and large wires with

diameters of &1 lm appear to be somewhat twisted. On

reducing the temperature to TG = 800 �C, we observed the

growth of spear-like head InN NWs with smaller diameters

some of which have a protruding pyramidal head at their

ends as can be seen in Fig. 1b. In addition to individual InN

NWs, we observed large spherical droplets with diameters

up to a few tens of micrometers with InN NWs protruding

from their surface as shown in Fig. 1c. Interestingly, the

InN NWs grown at TG = 700 �C do not have protruding

pyramidal heads similar to those obtained at TG = 800 �C

Fig. 1 SEM images of InN

NWs grown at (a) 900 �C (b)

800 �C (c) 800 �C (d) 700 �C,

and (e) and (f) 600 �C on

Au/Si(111)
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as can be seen in Fig. 1d. We find that the optimum growth

temperature for a high yield of straight InN NWs with

uniform diameters is TG = 600 �C as shown in Fig. 1e. No

NWs were obtained for TG = 500 �C. The spear-like InN

NWs grown at TG = 600 �C have lengths of &5 lm,

average diameter of &100 nm and the coverage is dense.

The corresponding XRD pattern of the InN NWs grown on

silicon and quartz at TG = 600 �C is shown in Fig. 2.

As stated above, InN NWs have been grown by a variety

of methods [10–14]. In particular, InN NWs have been

obtained via the reactive vapor transport method using high

purity In and NH3 at various temperatures, i.e.,

T = 500 �C, [20, 11]; T = 700 �C, [22, 18]; T = 750 �C
[10], and T = 800 �C [23]. The mechanism of one-

dimensional (1D) crystal growth in the case of InN NWs

has been explained by Vaddiraju et al. [10] who obtained

InN NWs on quartz and polycrystalline AlN at a substrate

temperature TS = 450 �C or heater temperature of

TH = 750 �C. According to Vaddiraju et al., the 1D crystal

growth of the InN NWs occurs by the formation of

nucleation sites of InN followed by liquid phase epitaxy

through the absorption of In while the radial growth of InN

NWs from larger In droplets at higher temperatures of

TH = 850 �C (TS = 480 �C) occurs via the formation of

multiple nucleation sites of InN on the surface of the

droplet giving the characteristic structure shown in Fig. 1c.

The trend in the morphology of the InN NWs with tem-

perature shown in Fig. 1a–e is therefore consistent with the

findings of Vaddiraju et al. At TH = 600–700 �C, we

obtain straight InN NWs while at TH = 800 �C we observe

large droplets of In with InN NWs protruding outward in

the radial direction from the surface of the droplet. Note

that the growth of InN NWs via direct nitridation of In with

NH3 is enhanced using Au on Si(111) which aids the

formation of In droplets but it is not indispensable as InN

NWs have been also grown directly on quartz and Si(001).

The InN NWs grown at the optimum temperature i.e.,

TG = 600 �C on silicon and quartz are characterized by the

hexagonal wurtzite structure confirmed by the (1 0 0), (0 0

2), (1 0 1), (1 1 0), (1 0 3), and (1 1 2) peaks in both XRD

spectra [9, 10] shown in Fig. 2. The side peak at 28.39�
corresponds to the (1 1 1) of Si (black line). The double

peaks at 77.64� and 77.85� correspond to the Al of the

sample holder and possibly to the metallic In, respectively,

(black line). The intense reflection peaks correspond to InN

NWs whereas the weaker signals correspond to metallic In

droplets. From the XRD spectra of Fig. 2 it is evident that

no In2O3 intensity peaks are present in the NWs grown on

both silicon and quartz substrates.

Following the successful growth of InN NWs on silicon

and quartz we performed time-resolved differential absorp-

tion measurements at room temperature over a wide range of

fluences in an attempt to obtain a better understanding of the

carrier dynamics in these nanostructures. It is well known

that excitation of a semiconductor with above band-gap

photons will result in the generation of non-equilibrium

carriers with excess kinetic energy corresponding to the

difference between excitation photon energy and the band-

gap energy. Initially, these photogenerated carriers will be

non-thermalized, however carrier–carrier scattering will

result in a thermalized distribution within tens of femtosec-

onds. The carrier temperature of this thermalized distribution

will be higher than the lattice temperature. These carriers

will then relax to the bottom of the bands via the emission of

phonons thus transferring excess energy to the lattice. At the

same time, carriers may be captured by various defects,

impurities, or surface states that are within the interaction

region. Eventually these photogenerated carriers recombine

via radiative or non-radiative mechanisms thus bringing the

system back to its equilibrium state.

In this study, the excitation of the NWs was accomplished

with an ultrafast laser pulse at 400 nm corresponding to

3.1 eV photons which is much higher than the energy band-

gap of InN. This excess kinetic energy resulted in generating

carriers located high in the energy band structure of the NWs.

Figure 3 shows typical differential absorption measure-

ments as a function of time delay between the excitation and

the probing pulse under the fixed pump fluence of 50 lJ/cm2

at various probing photon wavelengths.

Clearly evident from the time-resolved data, there is a

complex behavior in the induced absorption which depends

on the probing photon wavelength. For probing wave-

lengths shorter than 750 nm, there is a sharp drop in the

induced absorption signal followed by a recovery toward

equilibrium. However, with increasing probing wavelength

the minimum signal decreases and eventually a positive

contribution to the absorption changes becomes dominant.
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Fig. 2 XRD spectrum of the InN NWs grown at 600 �C on

Au/Si(111) lower line and quartz, upper trace
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This observed nontrivial behavior in the time-resolved data

is attributed to an interplay between the two effects of state

filling (SF) and photoinduced absorption (PA). Following

excitation of carriers from the valance to the conduction

band, it results in the occupation of normally unoccupied

states thus reducing the absorption which appears as a

negative absorption change in transient measurements

(SF). Therefore photoexcitation of the carriers with an

ultrafast pulse provides the means of monitoring the tem-

poral evolution of the occupied states and more specifically

the relaxation of the photoexcited carriers out of these

states. In addition to the negative SF described above, there

are also effects due to secondary excitations of the photo-

generated carriers to higher energy states induced by the

probing laser pulse. This mechanism will be observed as a

positive change in absorption (PA) with its strength

depending on the coupling efficiency and the number of

carriers present in the initial coupled energy state. In time-

resolved absorption measurements, both effects may be

present with their relative contributions depending on the

energy states of the material under investigation.

For the InN NWs used in this work clearly evident from

transient absorption data (Fig. 3), SF is the main contribution

for photon wavelengths between 500 and 750 nm, where

direct coupling from the valence to the conduction probing

state is possible (Fig. 4 see line b). On the other hand, for

probing wavelengths [830 nm a positive photoinduced

absorption is the dominant effect where direct coupling from

the valence to the conduction band is not possible because of

the already occupied states in the conduction band from the

free carriers intrinsic to the fabrication of the NWs [15–18]

and the injected photogenerated carriers by the pump laser

pulse. A simple schematic diagram of a model explaining the

behavior of the InN NWs following femtosecond pulse

excitation is shown in Fig. 4. The diagram shows a repre-

sentation of the band diagram of InN [29] around the C point

of the Brillouin zone.

The accepted fundamental band-gap of InN is about

0.7 eV [30]; however, due to a large free electron density

present associated with the fabrication of the NWs, it

results in the occupation of states near the bottom of the

conduction band. As a consequence the interband absorp-

tion edge energy is much higher than the actual band-gap

energy. This is clearly seen as the zero crossing point

(*1.52 eV) in the inset of Fig. 3 and is associated with the

transition point between state filling and photoinduced

absorption. We should point out that extrapolation of the

square of the optical absorption coefficient obtained from

optical absorption measurement on the NWs (see Fig. 5)

revealed an absorption edge energy of approximately

1.35 eV. The larger value of 1.52 eV determined using

transient absorption measurements is due to the additional

injected carrier density during photoexcitation of the NWs

by the pump femtosecond laser pulse.

The lowest conduction band of InN is highly nonpara-

bolic [30] due to the k–p interaction across the narrow

direct gap between the conduction and valence band. A

dispersion relation for the conduction band of InN is given

in reference [30]

ECðkÞ ¼ Eg þ
�h2k2

2m0

þ 1

2
E2

g þ 4Ep

�h2k2

2m0

� �1=2

�Eg

" #

Fig. 3 Differential absorption signal versus time delay for different

photon wavelengths in InN NWs. Photoexcitation was accomplished

with 3.1 eV photons under a pump fluence of 50 lJ/cm2 at room

temperature. The inset shows the differential absorption signal as a

function of probing photon energy at time delays of 0, 0.5, and 1.0 ps

Fig. 4 A schematic diagram of a model explaining femtosecond

pulse excitation at 3.1 eV (see vertical arrow ‘‘a’’) and subsequent

relaxation of the photexcited carriers in the InN NWs. The vertical

arrow ‘‘b’’ indicate the probing photon where coupling between the

valence and occupied conduction band is established and thus state

filling is observed. The vertical arrow ‘‘c’’ represents secondary

excitations (PA) of the carriers by the probe pulse
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where Eg = 0.7 eV is the band-gap energy, Ep * 10 eV is

an energy parameter related to the interaction momentum

matrix element. Using the above relation, we may estimate

the electron carrier density. According to the Fermi

exclusion principle, optical transitions can only occur for

photon energies higher than the energy needed for elec-

trons to make vertical transitions from the valence band up

to the Fermi surface in the conduction band. The increase

in Fermi energy with increasing electron concentration is

given by the dispersion relation in the above equation

evaluated at the Fermi wave vector kF = (3p2 M)1/3, where

N is the electron density. Using the value of 1.35 eV for EC

in the above equation we obtain an electron density of

0.91 9 1020 cm-3 corresponding to the intrinsic electron

density in the InN NWs. On the other hand, the value of

1.52 eV gives a carrier density of 1.48 9 1020 cm-3 cor-

responding to the total number of carriers following the

injection of photogenerated carriers by the ultrafast laser

pulse at fluence of 50 lJ/cm2. Therefore, the estimated

carrier injected density at this fluence in the NWs was

approximately 0.57 9 1020 cm-3. Similar measurements

at the lowest fluence (10 lJ/cm2) used in this study gave an

absorption edge at 1.39 eV corresponding to an injected

carrier density of *0.12 9 1020 cm-3 in agreement with

the above results.

To obtain a better understanding of the carrier dynamics

in these NWs we have performed intensity measurements

over a wide range of fluences from 10 lJ/cm2 to 5 mJ/cm2.

Typical results of the peak differential absorption as a

function of fluence are shown in Fig. 6 for the two extreme

probing wavelengths. Figure 6a corresponds to probing

with 500 nm where direct coupling from valence to

conduction band is allowed, thus state filling is the

observed process. The plot reveals a linear dependence on

the fluence up to value of 1,000 lJ/cm2 at which point

saturation appears to begin.

Furthermore, the recovery of the negative differential

absorption appears to be single exponential over the entire

fluence with the decay constant increasing with increasing

fluence as seen in Fig. 7. Transient differential absorption

intensity measurements at the longer probing wavelengths

where we are actually probing the photogenerated carriers

following relaxation near the absorption edge also revealed

a nonlinear behavior as a function of fluence (Fig. 6b). It

appears that the maximum differential absorption begins

some type of saturation at the fluence value of 50 lJ/cm2.

The possibility of Auger has been ruled out given that the

recovery time constant increases with increasing fluences.

One possible explanation is due to absorption saturation

Fig. 5 A variation of the square of the optical absorption coefficient

against the photon energy for the InN NWs. The extrapolated

absorption edge is approximately 1.35 eV. The inset figure shows the

optical transmission data for the InN NWs

(a)

(b)

Fig. 6 Plots of the maximum differential absorption signal as a

function of the fluence at two probing wavelengths (a) 500 nm, and

(b) 980 nm. The insets in both graphs show the actual differential

absorption measurements for various fluence as a function of optical

delay between the pump and probe beams
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with increasing incident pump fluence; however, this does

not explain the nearly linear behavior seen in Fig. 6a. The

most likely reason for the above behavior is that the

photogenerated carriers, as they undergo energy relaxation

toward the absorption edge, they are captured by defect/

surface-related states reducing the carrier density reaching

the probing region. This is in agreement with the results of

the intensity measurements of Fig. 6a where the behavior is

nearly linear for the higher lying energy states (500 nm).

In Fig. 7, we display the time constants obtained from a

single exponential fit to the recovery of the transient dif-

ferential absorption measurements as a function of incident

fluence on the NWs. For clarification purposes the inset

shows the same data plotted against the fluences on a linear

scale. The first key observation from these data is the value

of the time constant (*600 fs) at the lowest fluences. The

time constants determined from transient differential

absorption measurements for the long probing wavelength

980 nm provide a direct measure of the decay time con-

stant for the photogenerated carriers following their energy

relaxation to the optical absorption edge. This appears to be

very fast and most likely a non-radiative decay into defect/

surface-related states in the NWs. Furthermore, this time

constant is increasing in a nonlinear fashion with increas-

ing fluence as seen in Fig. 7. Similarly, the time constants

extracted when probing higher energy states are also

increasing with increasing fluence.

To further investigate the dynamics near the transition

point between state filling and free carrier absorption time-

resolved differential absorption measurements at various

fluences were taken with probing photon energy near that

region. Figure 8a and b show some of these measurements.

Evident from these figures is the nonlinear behavior as a

function of fluence. At the lowest fluences the temporal

response of the differential absorption suggests state filling

is the main contribution.

However, with increasing fluence there appears a posi-

tive contribution affecting the normal exponential recovery

of state filling. This effect becomes more dramatic with

increasing fluence with the positive contribution becoming

larger and more pronounced as clearly seen for the 800 nm

probing wavelength. This behavior is attributed to the

complex relationship between the effects of state filling,

band-gap renormalization, and free carrier absorption. We

should point out that for the highest fluence, there appears

to be a positive contribution to the differential absorption

which remains constant and persists for times longer than

500 ps which corresponds to the maximum travel of the

translation state in the pump–probe setup. This contribution

is most likely due to an increase in the lattice temperature

Fig. 7 Plots of time constants obtained from single exponential fits to

the recovery of transient differential absorption signal as a function of

the fluence for different probing wavelengths. The inset shows the

same data plotted as a function of fluence on a linear scale for

clarification of the behavior

(a)

(b)

Fig. 8 Differential absorption signal versus time delay for different

fluence in InN NWs near the absorption edge. a probing photon

wavelength at 780 nm b probing photon wavelength at 800 nm
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of the InN NWs. The onset of the lattice temperature

contribution appears to occur around 2 ps which suggests

that the excess energy from the photoexcited hot carriers

has transferred to the lattice within this time scale.

In conclusion, we have investigated ultrafast carrier

dynamics in InN NWs grown via chemical vapor deposi-

tion. CW optical transmission data revealed the interface

between intrinsic free carriers and the free states in the

conduction band occurs at 1.35 eV corresponding to an

intrinsic electron density of 0.91 9 1020 cm-3. Femtosec-

ond differential absorption spectroscopy determined the

interface between the total number of carriers present

and the free states for fluence of 50 lJ/cm2 at 1.52 eV,

corresponding to an injected carrier density of

0.57 9 1020 cm-3. Furthermore, intensity measurements

revealed that the photogenerated carriers following their

energy relaxation near the absorption edge relax into

defect/surface-related states on a picosecond time scale.

The exact value depends on the number of photogenerated

carriers injected into the NWs. Interesting nonlinear

behavior of the temporal differential absorption due to an

interplay between state filling, band-gap renormalization,

and free carrier absorption have been observed near the

optical absorption edge of the InN NWs. Finally, the onset

of positive increase in differential absorption which per-

sists for a long period of time suggests that the generated

carriers transfer their energy to the lattice within approxi-

mately 2 ps.
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