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ABSTRACT
Terahertz (THz) spectroscopy is a non-contact technique well-suited for probing the ultrafast electrical conductivity of semiconductor
nanostructures, where conventional methods are often impractical. However, geometric resonances in these nanostructures can distort the
measured THz response, complicating the extraction of the intrinsic material properties. Here, we use THz spectroscopy to study GaAs
nanowires of varying lengths and observe that the resonant frequency increases as the nanowire length decreases. Further measurements
on a model system of well-defined GaAs microsquares (ranging in size from 500 × 500 to 7 × 7 μm2) confirmed the relationship between
structure size and resonant frequency. We verify that a plasmon-based model successfully separates the geometric response from the intrinsic
charge-carrier response. Thus, the model allows for the accurate evaluation of critical material properties in nanostructured semiconductors,
such as electron mobility. Fluence-dependent measurements and finite-difference time-domain simulations confirm the plasmonic nature of
the resonances.
© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0273919

I. INTRODUCTION

The miniaturization of semiconductors has driven improve-
ments in technology and enabled access to new phenom-
ena at the micro- and nanoscales. For example, semiconduc-
tor nanowires pair excellent charge transport properties with
nanoscale dimensions, making them promising candidates as the
building blocks of future optoelectronics,1–5 while semiconduc-
tor metasurfaces utilize nanostructures for the tunable manip-
ulation of light.6–9 Other emerging material systems—such as
metal-halide perovskite semiconductors—form nanoscale grains,
with studies showing that larger grains lead to improved charge

transport owing to reduced charge-carrier scattering at grain
boundaries.10–12

Optimization of structured semiconductor devices requires a
sound understanding of their intrinsic charge-carrier dynamics.
However, the microscale/nanoscale dimensions of such structures
make conventional characterization methods difficult and imprac-
tical to conduct. For example, Hall effect measurements require
electrical contacts to be fabricated on the sample.13 The contact
fabrication process is extremely difficult and time-consuming at
the nanoscale and can contaminate the sample, altering its proper-
ties. Hence, alternative characterization tools are required to study
accurately the properties of structured semiconductors.
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Terahertz (THz) spectroscopy is an ideal tool to study
micro- and nanostructured semiconductors with ultrafast time
resolution.14,15 It is a contact-free technique that allows for high-
throughput measurements of the pristine semiconductor. Further-
more, THz radiation (0.1–30 THz) is sensitive to processes with
sub-picosecond lifetimes, which makes it an excellent probe of
charge-carrier transport in semiconductors. An optical pump pulse
can be used to photoexcite the sample, such that the THz pulse
probes the material’s photoconductivity.16

THz spectroscopy has been used to study a range of
different structured semiconductors, including nanoparticles,17,18

nanowires,2–4,19 and nanobars.20 The conductivity spectrum for
these materials includes a resonance—a large deviation from
the free-electron response (Drude) of the corresponding bulk
semiconductors.21–24 This resonance is the result of the sample
geometry and is not part of the intrinsic carrier response.25 Such
structural resonances must be carefully treated in the analysis to
ensure that the spectra are correctly interpreted and any extracted
properties are representative of the material.

Here, we investigate whether the influence of micro- and
nanoscale structure can be separated from the intrinsic THz car-
rier dynamics of materials. We begin by studying GaAs nanowires of
different lengths to establish the microscopic (physical) mechanism
behind the resonances and to gain insight about the influence of size.
We then move to a well-defined system of microsquare arrays fabri-
cated from GaAs thin film, which range in size from 500 × 500 to
7 × 7 μm2. An increase in resonant frequency was observed as
the size of the microsquares decreased, which mirrored the result
observed in the length-dependent nanowires. We verify the sur-
face plasmon model as a method to accurately separate the intrinsic
response of the GaAs from the response of the geometry. In par-
ticular, we focus on extracting the charge-carrier mobility from the
GaAs, as it is an important material property for device applications.
We conducted carrier-density dependent measurements on the
microsquares and employed finite-difference time-domain (FDTD)
simulations to confirm the plasmonic nature of the resonances in the
conductivity spectra.

II. RESULTS AND DISCUSSION
A. Length dependence of nanowires on THz
photoconductivity spectra

Semiconductor nanowires are prototypical nanostructures with
a one-dimensional geometry that can host structural resonances in
the THz range.26,27 Hence, we first explore the relationship between
geometric resonances and nanostructure size through THz photo-
conductivity measurements of GaAs nanowires of different lengths.
Three sets of nanowires were grown epitaxially on GaAs sub-
strates to different lengths (details in the supplementary material)
before being mechanically transferred onto quartz substrates for
measurement. This transfer method ensured the nanowires were
reasonably well aligned, minimizing the effects of nanowire polar-
ization anisotropy on the photoconductivity spectra.28,29 However,
this transfer process also broke the nanowires, resulting in a distri-
bution of nanowire lengths on each sample. We refer to each sample
by the mode of the nanowire length after substrate transfer: 0.5,
2, and 3 μm. Figure 1(a) shows a schematic diagram of the THz

FIG. 1. (a) Schematic diagram of the measurements on nanowire arrays. The
800-nm, 35-fs laser pump pulse excites the nanowires some time, Δtpp, before
the THz pulse arrives to probe the photoexcited properties of the nanowires.
(b) Schematic diagrams of the free charge-carrier density in a nanowire before
and after the pump and THz pulses have interacted with the nanowire. The
final diagram illustrates the accumulation of charges because of the THz elec-
tric field (ETHz) acting on the nanowire geometry and the associated depolarization
field (ED).

photoconductivity measurements with respect to the nanowire
sample geometry.

The nanowire photoconductivity was calculated using an effec-
tive medium approach19 (described in the supplementary material)
with fill factors determined by analysis of optical microscope images.
The photoconductivity spectra are presented in Fig. 2(a). There is a
clear resonance in all the spectra that shifts toward higher frequen-
cies as the mode of the nanowire length decreases. This relationship
between nanowire length and resonant frequency is consistent with
simulations,30 effective medium models,1,31 and experiments in the
mid-IR on silicon nanowires.32

It is important to note that there is a large range of nanowire
lengths in each sample, as shown in the SEM images of the nanowires
in Fig. 2(b). Thus, it was necessary to obtain a clear picture of the
nanowire length distribution before making any statements linking
nanowire length to resonant frequency. We measured the nanowire
length distributions from SEM images using the Fiji (ImageJ) soft-
ware.33 The length histograms are presented in Fig. 2(c) (enlarged
histograms are provided in the supplementary material), with the
summarized length statistics printed in Table I. Many of the SEM
images showed nanowires overlapping each other, which made it
impossible to determine their start and finish points. Hence, we only
counted nanowires in our statistics that we could accurately measure
the length of. The longer nanowires were more likely to overlap and
were thus more likely to be excluded from the length distribution.
As a result, our statistics are weighted toward the shorter nanowires,
which likely shrinks the length difference between samples. Further-
more, the nanowires that overlap may behave similarly to a single
long nanowire, as in Ref. 30, further shifting the resonant frequency.
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FIG. 2. (a) THz photoconductivity spectra of the three different nanowire samples, labeled by their mode length after substrate transfer. The solid lines show the fits using
the surface plasmon model [Eq. (1)], and the arrows indicate the resonant frequencies. Data were measured 0.5 ps after photoexcitation with a pump beam fluence of
395 μJ cm−2. (b) SEM images of the nanowires after transfer and (c) histograms of the nanowire length distribution for each sample. Panels (b) and (c) are aligned
horizontally with their corresponding photoconductivity spectrum. The scale bars in (b) are all 4 μm.

TABLE I. Statistics on the nanowire length distribution for the three nanowire samples presented in Fig. 2(b). All data were
manually collected from SEM images using the Fiji software.33

Resonant
frequency (THz)

Mode
length (μm)

Median
length (μm)

Mean length
(μm)

Std. dev.
length (μm)

Number of nanowires
measured

1.50 ± 0.08 3 2.38 2.41 1.20 433
2.09 ± 0.08 2 1.91 1.66 0.69 535
2.6 ± 0.2 0.5 0.65 0.79 0.35 262

Despite these limitations, we confirm that the resonant frequency
in the THz photoconductivity spectra increased as the nanowire
length decreased for any chosen length statistic from Table I. Hence,
our results strongly suggest a link between the nanowire length and
resonant frequency.

The origin of the geometric resonance is described by Nien-
huys and Sundström,25 who developed the surface plasmon model
to describe how small-scale structure can change the conductivity
spectrum of a material. In this model, the standard Drude approach1

is modified by introducing an electrostatic restoring force that acts
on the charge carriers. This force arises when the incident THz pulse
drives positive and negative charges in opposite directions. When
the sample geometry has dimensions comparable to the THz wave-
length, the charges accumulate at opposite ends, forming a transient
electric dipole. The resulting internal electric field opposes the exter-
nal THz electric field and is often referred to as a depolarization
field.34 This field drives harmonic oscillations of the charge carriers
and leads to size-dependent resonance features in the THz spectrum.
Figure 1(b) presents a schematic diagram of the formation of the
depolarization field in the nanowires as the THz photoconductivity
measurement proceeds. Adding the electrostatic restoring force to
the Drude equation of motion results in the following equation for
conductivity:

σ(ω) =
Ne2

m∗
iω

ω2
− ω2

0 + iω e
m∗μ

, (1)

where N is the charge-carrier density, e is the charge of an electron,
m∗ is the effective mass of the charge carriers, ω is the angular fre-
quency, ω0 is the frequency of the resonance, and μ is the charge
carrier mobility. The electrons in GaAs have an extremely small
effective mass (0.063 me) compared to the holes (0.5 me), and so
we assume that only electrons contribute to the conductivity in this
study.35 The Drude model is recovered when the resonant frequency
is set to zero in Eq. (1). The resonant frequency is related to the
charge-carrier density by

ω0 =

¿

Á
ÁÀ gNe2

m∗ϵ0
, (2)

where g is a factor dependent on the sample geometry and dielectric
properties, and ϵ0 is the permittivity of free space.

We fit the surface plasmon model to the spectra in Fig. 2(a)
(solid lines) and found that it agrees well with the experimental data.
The fitting was completed by a non-linear least squares algorithm
with three free parameters: N, ω0, and μ. Table II shows the fit
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TABLE II. Nanowire material characteristics extracted from fits of the surface plasmon model to the spectra shown in Fig. 2(a).
Errors were determined by propagating the error in the nanowire fill factor.

Nanowire mode
length (μm) Fill factor N (×1017 cm−3) ω0/2π (THz) μ (cm2 V−1 s−1)

3 0.19± 0.07 2± 1 1.50± 0.08 1500± 100
2 0.14± 0.04 4± 2 2.09± 0.08 1500± 100
0.5 0.12± 0.03 1.9± 0.5 2.6± 0.2 1100± 300

parameters along with the fill factor for each sample. The charge-
carrier densities strongly depend on the fill factor, which is difficult
to accurately estimate in these inhomogeneous nanowire arrays;
hence, the differences in N are likely due to differences between
the calculated fill factor and the true fill factor of the nanowires
at the measured position. The extracted mobilities are reasonably
similar across all nanowire samples, which was expected as the
nanowires were all fabricated by the same process, with only the
growth time changing. This result demonstrates the effectiveness of
Eq. (1) for modeling charge transport in nanowires and extracting
their material properties.

The observed relationship between nanowire length and res-
onant frequency has important implications for the interpretation
of THz measurements on nanowire ensembles. Notably, the width
of the resonance is directly related to the nanowire charge-carrier
mobility: the broader the resonance, the lower the mobility.1 Hence,
an ensemble of nanowires with varying lengths, often because of
nanowires breaking during substrate transfer, will exhibit a series
of resonances at slightly different frequencies corresponding to the
different nanowire lengths. These different resonances will com-
bine to form a single broad resonance in the photoconductivity
spectrum, thus artificially reducing the extracted mobility of the
nanowires. Therefore, the mobility of nanowire ensembles as mea-
sured by THz spectroscopy should be treated as a lower bound for
the true nanowire mobility.

The artificial resonance broadening effect and the difficulty in
determining fill factor and average nanowire length after substrate
transfer are complications that arise from working with inhomoge-
neous nanowire ensembles. Our results can suggest a relationship
between nanowire length and geometric resonances, but the sample
inhomogeneities make it difficult to conclude anything meaning-
ful. In order to fully understand the relationship between these
resonances and structure size, it is necessary to turn our attention
to a well-defined system that does not suffer from the effects of
inhomogeneity.

B. A well-defined system: GaAs microsquares
To confirm the link between size and resonance in struc-

tured semiconductors, we studied a well-defined system of
GaAs microsquare arrays. The microsquares were fabricated on
600-nm-thick films of GaAs by electron beam lithography (see the
supplementary material for details). Each array had an active area
of 5 × 5 mm, and the microsquares had dimensions of 500 × 500,
50 × 50, and 7 × 7 μm2. To ensure electrical isolation, the
microsquares were separated from one another by a 300-nm gap.
After patterning, the arrays were transferred onto 2-mm-thick sap-
phire substrates, as sapphire offers excellent thermal conductivity
and is transparent over the THz range.22 There was a thin layer
of PMMA (1.2 μm) and SU8 (800 nm) between the sapphire and

FIG. 3. (a) Schematic diagram of
the GaAs microsquare sample geom-
etry with respect to the incident THz
pulse. [(b)–(d)] SEM images of the 500
× 500, 50 × 50, and 7 × 7 μm2 GaAs
microsquare samples, respectively.
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GaAs for adhesion and lithographic purposes. A sapphire substrate
with the same polymers was used as a reference to confirm that
these layers did not impact any results. Figures 3(b)–3(d) show scan-
ning electron microscope images of the microsquare arrays, and
Fig. 3(a) shows a schematic diagram of the sample geometry rela-
tive to the THz pulses during measurement. A reference thin film of
GaAs was created by an identical process to the microsquare arrays,
except without any lithographic processing into squares. All sam-
ples share the same material properties as the reference film because
they were all fabricated from identically prepared films. Hence, the
microsquares are an ideal platform for this study, as we can attribute
all observed differences in their photoconductivity spectra to their
structural differences.

The THz photoconductivity spectra of the GaAs microsquares
and reference film are shown in Fig. 4. Both the real and imaginary
components of the photoconductivity for the GaAs film are always
positive, and there is a peak at low frequencies. These qualities are
typical of Drude conductivity, which has been shown to be an excel-
lent description of bulk GaAs charge transport.36 The spectrum of
the 500 × 500 μm2 microsquares is very similar to the spectrum
of the GaAs film, which indicates that the geometric resonances
are not clearly observed in THz measurements of structures at this
scale. In contrast, the photoconductivity spectra for the 50 × 50 and
7 × 7 μm2 microsquares show clear resonances at non-zero fre-
quencies. The resonance is at a significantly higher frequency in the
7 × 7 μm2 microsquares, indicating an inverse relationship between
structure size and resonant frequency. This result supports our

FIG. 4. THz photoconductivity spectrum of (top to bottom) a 600-nm-thick film of
GaAs, a 5 × 5 mm2 array of 500 × 500 μm2 GaAs microsquares, 50 × 50 μm2

GaAs microsquares, and 7 × 7 μm2 GaAs microsquares. The circles represent
the measured data, and the solid lines are the fits using the surface plasmon
model [Eq. (1)]. Data below 0.25 THz (transparent data points) were excluded
from the fit because they suffered from aperture-related artifacts. Data were mea-
sured 8 ps after photoexcitation by a 35-fs laser pulse with a center wavelength
of 800 nm (Ephoton = 1.55 eV) and a fluence of 23.6 μJ cm−2. All measurements
were performed at room temperature in a vacuum chamber at 0.1 mbar.

observations in the nanowires and strongly suggests a general trend
in how THz conductivity spectra change with structure size.

We fit the surface plasmon model to the spectra shown in
Fig. 4 (solid lines) and found there was excellent agreement with
the experimental data, despite the very different features across the
spectra. Note that the GaAs film was fitted with the Drude model
[Eq. (1) with ω0 = 0] as no structure was present to allow for the
formation of a depolarization field. Table III shows the extracted
parameters from the surface plasmon model. Interestingly, the sur-
face plasmon model fit suggests there was a resonance at very low
frequencies (0.1 THz) in the 500 × 500 μm2 sample. This resonance
is at too low a frequency to be clearly resolved in our spectrome-
ter but would be expected to show in measurements that can better
resolve this frequency range. The charge-carrier densities varied
from the experimentally calculated value (5.4 × 1017 cm−3) but were
within expectations when accounting for differences in absorption
and charge recombination between samples. Similar mobilities were
calculated across all samples, despite significant differences in their
photoconductivity spectra. It was known that the samples had sim-
ilar properties, as they were fabricated from identically prepared
films; hence, this result confirms that the surface plasmon model can
separate the influence of sample geometry from the intrinsic carrier
response in THz spectroscopy.

C. Plasmonic nature of the resonance
In Secs. II A and II B, we established an inverse relation-

ship between the size of features in structured semiconductors and
the frequency of geometric resonances. Here, we confirm that the
resonances follow the plasmonic description of Nienhuys and Sund-
ström,25 and thus our observations can be generally applied to
plasmonic resonances in other material systems. A series of pho-
toconductivity measurements were conducted on the 7 × 7 μm2

microsquares over a range of different photoexcitation intensities
(0.3 to 23.6 μJ cm−2), and the spectra are shown in Fig. 5(a). There
is a significant increase in resonant frequency with increasing exci-
tation fluence. Figure 5(c) shows that this increase in resonant
frequency is proportional to the square root of the charge-carrier
density, a clear signature of plasmons [Eq. (2)].

We support our experimental measurements with FDTD simu-
lations. Figure 5(b) shows the conductivity spectra from simulations
of a single 7 × 7 μm2 microsquare at charge-carrier densities ranging
from 1 × 1016 to 9 × 1017 cm−3 (line color changes from blue to red
as carrier density increases, as indicated by the arrow). The simula-
tions also show the increase in resonant frequency with the square
root of the charge-carrier density [Fig. 5(c)] that was observed in
the experiments, except with an offset of a factor of two. This

TABLE III. Material characteristics extracted by fitting the surface plasmon model to
the THz photoconductivity spectra shown in Fig. 4.

Sample N (×1017 cm−3) ω0/2π (THz) μ (cm2 V−1 s−1)

Film 3.5± 0.3 0 3700± 500
500 × 500 μm2 5.9± 0.1 0.1 ± 0.1 3000± 300
50 × 50 μm2 6.6± 0.3 1.14 ± 0.01 3200± 100
7 × 7 μm2 4.0± 0.1 3.7 ± 0.1 2800± 200
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FIG. 5. (a) THz photoconductivity spectra of the 7 × 7 μm2 microsquares measured ∼8 ps after photoexcitation with 35-fs duration laser pulses with 800-nm center
wavelength (Ephoton = 1.55 eV) with fluences from 0.3 to 23.6 μJ cm−2. The circles are the measured data, and the solid lines are the fits to the surface plasmon model
[Eq. (1)]. (b) Select photoconductivity spectra from FDTD simulations of a single 7 × 7 μm2 microsquare at different charge-carrier densities. The arrow indicates the
increasing resonant frequency with increasing charge-carrier density, N. (c) Plot of the resonant frequency against

√
N. The blue line shows the experimental relationship

[data in (a)], while the red line shows the simulated relationship [data in (b)]. All measurements were performed at room temperature in a vacuum chamber at 0.1 mbar.

offset is likely because of differences in the background doping and
optical absorption between the experiment and simulation. Yet, the
good agreement between simulations and experiments strongly sug-
gests a plasmonic origin to the microsquares resonance. Previous
studies have identified the same trend in nanowires,26,27 and so our
findings in both nanowires and microsquares are examples of the
same phenomena relating plasmonic resonant frequencies to their
geometry.

III. CONCLUSIONS
In conclusion, we have investigated the influence of sample

geometry on THz photoconductivity measurements. We observed
the establishment of a plasmonic resonance that shifted to higher
frequencies in GaAs nanowires and microsquares as the dimen-
sions of the samples decreased. The photoconductivity spectra of
the nanowires and microsquares were well-fitted by the surface
plasmon model. For both systems, the charge-carrier mobility was
successfully extracted, despite the significant differences in the THz
photoconductivity spectra. Our results demonstrate the effectiveness
of the surface plasmon model for analyzing spectra of structured
semiconductors.

The relationship between structure size and geometric reso-
nant frequency has important implications for the interpretation
of THz measurements on structured materials. In particular, mea-
surements of ensembles of elements with varying sizes, such as

nanowires or grains, will cause a broadening of the geometric
resonance that lowers the extracted mobility of the material. One
must take care to recognize that the extracted mobility is a lower
bound for the true mobility of the sample. Our FDTD simula-
tions and fluence dependent measurements strongly indicate that
the resonances in this study are plasmonic, and hence, the same
size dependence is expected for other systems exhibiting such reso-
nances. Overall, our results show the power of THz spectroscopy to
accurately measure the electrical properties of structured materials,
such as semiconducting particles, nanowires, and microscale grains
in polycrystalline semiconductors.

SUPPLEMENTARY MATERIAL

The supplementary material details the experimental methods
for fabricating the nanowires and microsquares, measuring the sam-
ples with THz spectroscopy, and developing the FDTD simulations.
Then, enlarged SEM images of the nanowires along with their length
histograms are provided. Finally, details on the THz data analysis,
model fitting algorithm, and geometric factors are provided.
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