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Abstract—Experimental results obtained in a study of the effect of electron–hole plasma on the generation of
terahertz (THz) radiation in semiconductor nanowires grown by metal-organic vapor-phase epitaxy
(MOVPE) are presented. It is shown that the temporal dynamics of photoexcited charge carriers in semicon-
ductor nanowires is determined by the transport of carriers, both electrons and holes, and by the time of cap-
ture of electrons and holes at surface levels.
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1. INTRODUCTION
Semiconductor structures in the form of free-

standing semiconductor nanowires (NWs) are among
the most promising nano-objects for application in
nanoelectronics, nanophotonics, and nanobioelec-
tronics. The NWs are used to create ultrasensitive pho-
todiodes [1], ultrahigh-density transistors [2], and
emitters for the visible spectral range [3] and the THz
range [4]. Therefore, the characterization of carrier
dynamics in semiconductor NWs is of key importance
for the application of these materials in the above
fields of science and technology. The excitation of
nonequilibrium electron–hole plasma in the local
electric field of semiconductor NWs results in charge-
carrier separation and, accordingly, changes the pro-
cess in which terahertz radiation is generated. The
temporal parameters of this change are determined by
the charge-carrier relaxation and recombination pro-
cesses and by charge-carrier transport.

2. SAMPLES AND EXPERIMENTAL
GaAs nanocrystals were grown on n-type GaAs

(111)B substrates by metal-organic vapor-phase epi-
taxy (MOVPE). The chosen substrate orientation
enables the growth of NWs perpendicularly to the
surface. Growth was performed without the prelim-
inary deposition of a catalyst layer, but with prelim-
inary treatment of the substrates. For this purpose,
a 40-nm-thick SiO2 layer was initially deposited onto
the substrate surface by plasma-enhanced chemical

vapor deposition (PECVD). Further, ultrahigh-reso-
lution electron-beam lithography was used to open
windows in the oxide layer with a diameter of d = 65 or
100 nm with periods of 300, 600, 900, 1200, 1500,
1800, and 2100 nm. The opened apertures were situ-
ated at the vertices of an equilateral triangle. The NWs
were grown directly in a horizontal atmospheric reac-
tor. The height and diameter of the nanocrystals
depended on the diameter of openings in the oxide
layer and on the density of these. In particular, the
actual diameter of the NWs was 120 nm for an opening
diameter of 65 nm and 150 nm for d = 100 nm. The
NW array with a given density was 400 × 400 μm
in size.

The nanostructures were photoexcited with a tita-
nium-sapphire laser generating optical pulses (wave-
length 795 nm) with width of ~15 fs. The waveform of
the terahertz pulse under the additional excitation of a
NW with a femtosecond pulse was recorded by opti-
cal-pump terahertz-probe time-domain spectroscopy.
This technique consists in examining the influence
exerted by electron–hole plasma excited in a sample
by a femtosecond optical pulse on the generation of a
terahertz radiation. The experimental setup is shown
schematically in Fig. 1. The main optical pulse of lin-
early polarized laser light is divided in two by the beam
splitter BS1. The first optical pulse (pumping) is used
to excite the sample under study and generate tera-
hertz radiation in the sample. The second pulse
(probe) serves to record the amplitude and phase of
the terahertz radiation. The optical pump pulse passes
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through the optical delay line DS1, which makes it
possible to record the waveform of the terahertz pulse.
Further, the optical pump pulse is divided in two by
the beam splitter BS2. Accordingly, one of these pulses
(PUMP1) is used to generate terahertz radiation, and
the other (PUMP2) additionally excites the sample
and creates electron–hole plasma. A time delay
between the pulses PUMP1 and PUMP2 is created by
the optical delay line DS2. Inclined incidence of light
and the mirror configuration of recording THz radia-
tion are used in the experiment. The optical pulse
PUMP1 causing THz generation (to be recorded) is
incident on the sample at an angle of 45° (the angle is
chosen to be positive on the side of incidence of the
PUMP1 pulse). The THz radiation is recorded at an
angle of –45°. Naturally, for THz emission caused by
the optical pulse PUMP2 not to be recorded by the
receiving system, optical pulse PUMP2 is to be
directed at the sample at an angle of –45°, so that its
THz radiation does not propagate in the recording
direction. This reduces the influence exerted by mod-
ulation with this THz pulse due to a change in the
medium by the optical pulse PUMP1. The intensities
of these light pulses are attenuated by neutral filters
ND1 and ND2. The average powers of optical pulses
PUMP1 and PUMP2 were 0.1 and 0.25–6 mW,
respectively. To record the terahertz radiation gener-
ated under the excitation of a sample by a light pulse
(PUMP1), it is modulated and the lock-in amplifier is
synchronized by reference pulses at the modulation
frequency. Modulation is performed by a chopper M.
In the end, the terahertz radiation generated under the
excitation of a sample by the light pulse PUMP2
should not be recorded by the receiving system if it is
not modulated at the frequency of the chopper M. The
THz radiation being generated is collected by para-

bolic mirrors PM1 and PM2 and focused onto a
detector of coherent THz radiation, the role of which
is played by an electro-optical ZnTe crystal. The setup
employs the scheme of electro-optical time gating for
the detection of coherent THz radiation. The interac-
tion between the field of the THz wave and the probe
light beam in the electro-optical crystal results in a
change in the polarization state of the probe beam,
which is detected by the optical system including a
quarter-wave λ/4 plate, Wollastone prism WP, and a
balanced photodiode detector BPD.

The output signal of the balanced detector is mea-
sured with a Signal Recovery 7265 lock-in amplifier at
a modulation frequency of 1070 Hz. The 7265 lock-in
amplifier is connected to a personal computer (PC)
via the GPIB interface. The optical delay lines DS1
and DS2 are controlled by corresponding controllers,
connected to the computer.

The signal from the balanced photodetector is fur-
ther processed and the optical delay lines are con-
trolled by a program designed to control the experi-
ment developed on the basis of the LabView 7.1 plat-
form.

3. RESULTS AND DISCUSSION

The generation of THz radiation in our samples
may be associated with charge-carrier motion in the
surface and contact fields, and also with ambipolar
diffusion [4–6]. It should be emphasized that the con-
tribution from ambipolar diffusion is insignificant if
the wavelength of the excitation light exceeds the dis-
tance between the NWs. Figure 2 shows the time
dependence of the maximum amplitude of the THz
field for the nanostructure with d = 150 nm and a =
1200 nm. In these dependences, the THz field of the
pulse being generated first falls after the electron–hole
plasma is excited and then it is slowly restored. In the
stage in which the efficiency of THz generation is
restored, double-exponential restoration at a high
excitation level is observed. Figure 3 shows similar
dependences having a period of 600 nm between the
nanocrystals. A similar situation is observed. Figure 4
shows the dependence of the maximum amplitude of
the THz field at different excitation levels for a struc-
ture with nanocrystals 120 nm in diameter and a
period of 1200 nm between these. It can be seen that
the double-exponential restoration at a high excitation
level is recorded at a substantially higher excitation
intensity, compared with the structures having a nano-
crystal diameter of 150 nm.

The magnified parts of the curves around the
instant at which the pumping and probe pulses coin-
cide are shown in Fig. 5 for the nanostructure with a =
1200 nm and in Fig. 6 for the nanostructure with a =
600 nm. The slight initial rise in the efficiency of THz
generation is due to the influence exerted by modula-
tion of the THz pulse generated by the pump pulse

Fig. 1. Schematic of the experimental setup for time-
domain spectroscopy. The THz pulse is recorded via elec-
tro-optical sampling with a ZnTe crystal (1 mm thick) used
as the electro-optical crystal.
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PUMP2. It can also be seen that the initial decay of
the THz field occurs by the exponential law with a
coefficient determined by the excitation level. For the
structure with a period of 600 nm between the nano-
crystals, the efficiency of THz generation decreases at
a higher rate at the same excitation intensity.

The fall in the THz generation efficiency in GaAs-
based semiconductor NWs is mostly due to shielding
of the internal field in the nanocrystal (surface field
near the upper face of the nanocrystal and the field of

the n+–n junction) due to the separation of nonequi-
librium electrons and holes and to the transport of
these in the surface and contact fields. The initial
slope ratio can be used to estimate the time of charge-
carrier momentum relaxation if we apply the concept
that there is a capacitance of the depleted layer situ-
ated near the NW surface. (In what follows, we con-
sider nanostructures with a NW period exceeding the
wavelength of the excitation light on the assumption
that the main contribution to THz generation is due to

Fig. 2. Maximum amplitude of the THz field (normalized
to the amplitude of the THz field at t < 0) vs. the delay
between femtosecond pulses at various excitation levels Pn
for the nanostructure with d = 120 nm and a = 1200 nm.
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Fig. 3. Maximum amplitude of the THz field (normalized
to the amplitude of the THz field at t < 0) vs. the delay
between femtosecond pulses at various excitation levels Pn
for the nanostructure with d = 150 nm and a = 600 nm.

E
m

ax
(t

)/
E

m
ax

(t
 <

 0
)

0 100 200 300
Time, ps

Pn = 0.29 mW
Pn = 0.5 mW
Pn = 1 mW
Pn = 1.5 mW
Pn = 2 mW0.8

0.2

0.6

0.4

1.2

1.0

Fig. 4. Maximum amplitude of the THz field (normalized
to the amplitude of the THz field at t < 0) vs. the delay
between femtosecond pulses at various excitation levels Pn
for the nanostructure with d = 120 nm and a = 1200 nm.
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Fig. 5. Amplitude of the THz field vs. the delay between
femtosecond pulses at various excitation levels Pn for the
nanostructure with d = 150 nm and a = 1200 nm (α is the
slope ratio at the beginning of the decay curve).
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carrier motion in the surface field near the upper NW
face.) Charging of the depleted-layer capacitance by
the current of nonequilibrium charge carriers can be
represented as

(1)

Here, C is the capacitance of the depleted layer; J is
the current density of nonequilibrium carriers; S is the
NW cross section; V0 is the surface electrostatic poten-
tial; V is the photovoltage; μe and μh are the electron
and hole mobilities; N is the concentration of non-
equilibrium carriers; ε is the dielectric constant of
GaAs; and η is the correction to the capacitance with
consideration for edge effects. Because the effective
hole mass substantially exceeds the effective electron
mass in gallium arsenide, the current of holes can be
neglected. By solving Eq. (1), we can calculate the
change in the local electric field to be

(2)

where τs is the time of electron momentum relaxation,
and m* is the effective electron mass.

The strength of the THz field generated in the
course of the motion of nonequilibrium carriers in the
surface or applied electric field is proportional to the
electric-field strength [7]. Accordingly, the change in
the generation efficiency of the THz field upon the
excitation of electron–hole plasma will be correlated
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with a change in the local electric field. The estimated
time of the electron-momentum relaxation is on the
order of 65 fs, which is a reasonable value for gallium
arsenide. As already noted, the efficiency of THz gen-
eration decreases faster at the same excitation intensity
for a nanostructure with a period of 600 nm between
the nanocrystals. Presumably, this is due to the contri-
bution of the ambipolar-diffusion current, which
appears in nanostructures with distances between
NWs smaller than the wavelength of the excitation
light, and the increase in the total photocurrent results
in that the time derivative of the photovoltage grows
[see formula (1)].

It can be seen in Figs. 2, 3, and 4 that, at a low exci-
tation level, the efficiency of THz generation is
restored in a single-exponential way with characteris-
tic times of about 2000 ps. Without the excitation of
electron–hole plasma in a NW, the nanocrystal is
almost completely depleted of electrons, which all
occupy surface levels. For a NW with a diameter of
150 nm, the band bending in the radial direction is
23 mV, i.e., it is on the order of kT, and the electric
field at the lateral surface is ~103 V/cm (this estimate
corresponds to the density of uncontrolled-impurity
levels on the order of 1016 cm–3). Therefore, electrons
will move at a low excitation level along the nanocrys-
tal in the surface electric field and be partly captured
at surface levels at lateral NW faces, and, upon being
captured, will continue to shield the internal field. In
the radial direction, nonequilibrium electrons and
holes will be separated in space. In the given case, the
restoration time of the efficiency of THz generation
will be determined by the capture of nonequilibrium
holes at surface centers and by the nonradiative
recombination of nonequilibrium carriers in the bulk.

It follows from the experimental results (Fig. 2)
that, at an average power exceeding 1 mW (this
approximately corresponds to a nonequilibrium
charge-carrier concentration of 2 × 1015 cm–3), dou-
ble-exponential restoration of the efficiency of THz
generation starts to be manifested, i.e., there appears a
fast component. Possible fast-restoration mechanisms
are in operation for the following reasons. First, the
separation of nonequilibrium charge carriers in the
radial direction at these excitation levels weakens the
electric field in this direction, which removes the
obstacle to the motion of photoexcited carriers toward
the NW surface and to their capture at surface levels.
This will lead to a fast partial decrease in the shielding
of the longitudinal surface field by nonequilibrium
electrons situated at the boundary of the depleted
region and will restore the band bending in the radial
direction in this region. The second reason is associ-
ated with the fact that the separation of nonequilib-
rium charge carriers in the direction of the [111] axis of
a nanocrystal weakens the surface field in this direc-
tion to such an extent that the drift of holes toward the
upper NW face falls and gives way to their diffusion in

Fig. 6. Amplitude of the THz field vs. the delay between
femtosecond pulses at various excitation levels Pn for the
nanostructure with d = 150 nm and a = 600 nm (α is the
slope ratio at the beginning of the decay curve).
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the reverse direction. Their motion (in fact, this is par-
tial recharging of the surface capacitance) should
restore the internal field. The time of their displace-
ment can be estimated by using the hole diffusion
coefficient in bulk GaAs and the initial length of the
depleted region at the upper NW face. The estimated
hole diffusion time of ~20 ps corresponds to the time
of the experimentally observed fast restoration kinet-
ics. Further, there mostly occurs the capture of holes
to surface levels occupied by electrons and the nonra-
diative recombination of nonequilibrium charge carri-
ers in the NW bulk. Thus, the double-exponential res-
toration of the efficiency of THz generation is mani-
fested when the concentration of photoexcited charge
carriers is sufficient for substantial weakening of the
local electric field in both the radial and longitudinal
directions. Therefore, the high threshold for the
appearance of fast restoration dynamics of THz gener-
ation for nanostructures with a nanocrystal diameter
of 120 nm, compared with structures with a NW diam-
eter of 150 nm (see Fig. 4), is presumably due to the
Mie effect. This effect causes a resonant rise in the
electromagnetic-field strength in the nanocrystal with
d = 150 nm [5, 6], and, accordingly, a lower excitation
level is required for fast dynamics to appear in this
nanocrystal.

4. CONCLUSIONS
Thus, the influence exerted by electron–hole

plasma on the generation of THz radiation in GaAs

semiconductor nanowires was studied. It was shown
that the temporal dynamics of photoexcited charge
carriers in semiconductor nanowires is determined
both by the fast motion of electrons in a local electric
field (charging of the capacitance of the depleted sur-
face layer) and their fast capture at surface centers and
by the diffusion of holes (recharging of the capaci-
tance) and the nonradiative recombination of non-
equilibrium charge carriers in the bulk.
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