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Linear and nonlinear electron dynamics of polycrystalline gold (Au) ultrathin films with

thicknesses ranging from 1.4 to 5.8 nm were investigated via transmittance terahertz (THz)

spectroscopy with intense electric field transients. We prepared ultrathin films with low surface

roughness formed on a Si–(7� 7) reconstructed surface, leading to the observation of monotonic

decrease in THz transmittance with respect to film thickness. Furthermore, at all tested thicknesses,

the transmittance decreased nonlinearly by 10%–30% with the application if high-intensity THz

electric fields. Based on a Drude-model analysis, we found a significant decrease in the damping

constant induced by the THz electric field, indicating that electrons are driven beyond the polycrys-

talline grain boundaries in Au thin films, and consequently leading to the suppression of the electro-

n–boundary scattering rate. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4904883]

Gold (Au) has been extensively studied in the fields of

microelectronics1–6 and bio-sensing7–13 because of its high

conductivity and chemical stability. In the fabrication of

nanoscale plasmonic devices, Au nanostructures have been

widely used to enhance the local electric field. This not only

helps in detecting linear phenomena sensitively but also

drives nonlinear phenomena, including phase transitions.14

Therefore, understanding the linear and nonlinear electron

dynamics of Au nanostructures is of particular importance.

Linear electron dynamics in granular Au films has been

extensively examined in terahertz (THz) regions.15–20 For

example, the effective sheet conductivity of Au thin films

dramatically decreases for thicknesses below 2 nm.17 This

implies that the morphology of Au nanostructures plays an

important role on their electromagnetic properties. Although

determining the intrinsic electron dynamics of crystalline

and non-porous Au is an essential prerequisite to discussing

how the morphology of Au nanostructures affects their elec-

tromagnetic properties, only a few studies have explored the

THz conductivity in non-porous Au films with thicknesses

above 4–20 nm;21,22 the thicker film samples make difficult

to directly measure the THz transmittance spectra. In the

present study, we fabricated high-quality smooth, flat, and

non-porous Au-polycrystalline ultrathin films of varying

thicknesses in a range of 1.4–5.8 nm. We then investigated

the linear and nonlinear electron dynamics of these films

using transmittance THz spectroscopy with intense electric

fields.23–25 Based on a Drude-model analysis, we clarified

the nonlinear electron dynamics in Au ultrathin films, whose

characteristics may be useful in designing nonlinear plas-

monic devices.

The polycrystalline Au ultrathin films were evaporated on

a high-resistivity, flashed, and atomically flat Si(111)–7� 7

reconstructed surface by molecular beam epitaxy (MBE) in an

ultrahigh vacuum chamber (<10�7 Pa) at room temperature

with the evaporation rate of about 1 Å/min. We obtained sev-

eral Au ultrathin films with different thicknesses of 1.4, 1.6,

1.9, 3.0, 4.8, and 5.8 nm, whose crystallographic structure was

verified using reflection high-energy electron diffraction

(RHEED). The thickness was monitored by a frequency of the

quartz oscillator (SQM-160, Inficon). To obtain the properly

smooth, flat, and non-porous polycrystalline specimen, we

prepared a substrate with clean surface using the similar

method reported previously.26 The desired quality of surface

morphology was confirmed using a scanning electron micro-

scope (SEM). Figure 1(a) shows SEM images of the speci-

mens with thicknesses of 1.9 nm (top) and 5.8 nm (bottom).

Judging from the gradation of the SEM images, the films had

an area of >2� 2 mm2, which was fully coated by polycrys-

talline ultrathin Au. We also found that the polycrystal grain

size was typically 3–5 nm in diameter for all specimens, which

is smaller than the mean free path of electrons in single-

crystal Au (�25 nm).18

A Ti:Sapphire amplifier system (repetition rate: 1 kHz,

pulse duration: 130 fs, center wavelength: 800 nm, and pulse

energy: �1.9 mJ/pulse) was employed to generate intense

THz waves (maximum THz field: �280 kV/cm�E0). The

THz fields were produced by irradiating a LiNbO3 prism

with a pulse-front-tilted laser using a Cherenkov-type phase-

matching process.27 The generated THz waves were incident

on the specimen with varying intensity, tuned by a set of

two-wire grid polarizers placed in front of the specimen.

Then, the transmitted THz waves were forwarded to a 0.4-

mm-thick GaP crystal using off-axis parabolic mirrors toa)Email: minamiyasuo@ynu.ac.jp
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observe the electric field transient by electro-optic (EO) sam-

pling. Finally, the transmittance THz spectrum was obtained

by normalizing the transmitted waveform from the Au ultra-

thin film on Si substrate with that of a plain Si substrate (ref-

erence waveform), as shown by Figs. 1(b) and 1(c).

Application of transmittance THz-time-domain spectroscopy

to metal thin films allows for direct observation of electron

dynamics in the specimen, since the complex conductivity

spectra are obtained directly from the complex permittivities,

which are analyzed with the Drude model as shown by the

inset of Fig. 1(c). Owing to this merit, we can quantitatively

evaluate the linear and nonlinear dynamics of electrons in

Au films.

Figure 2(a) shows the film-thickness dependence of

transmittance averaged over 0.4–1.1 THz. The observed

transmittances are much smaller than those reported in Ref.

18 (�100%) which employed the sputter deposition method,

and therefore, resulted in a more granular structure and sub-

stantial surface roughness compared to the specimens pro-

duced by MBE. Thus, the discrepancy in transmittance most

likely comes from the different morphology and indicates a

relatively strong THz-range absorption in our specimens.

Here, we emphasize that transmittance decreases monotoni-

cally with thickness, indicating that we may observe the

intrinsic complex dielectric constants of Au, or, in other

words, that the elementary electromagnetic properties of Au

ultrathin films were made calculable by our experiment. The

more interesting property observed is the maximum electric-

field dependence of the transmittance, which is shown in

Fig. 2(b). To highlight the change in transmittance, the val-

ues are normalized with the weakest electric field as unity.

The normalized transmittance becomes 10%–30% lower

with increasing electric-field, which is evidence of the non-

linear electron dynamics in Au. This nonlinear behavior is

almost entirely independent of film thickness, since our

specimens are homogeneous and polycrystalline.

A Drude-model analysis was carried out to evaluate the

complex dielectric constant of the specimens in the THz range.

The relationship between the observed complex transmittance
~T and the dielectric constant at each angular frequency x,

under the thin-film approximation, is expressed as28

~T ¼ nSi þ 1ð Þ
nSi þ 1� ix~ed=c

; (1)

where ~e illustrates the Drude-type dielectric dispersion:

~e ¼ e1 �
x2

p

x xþicð Þ. Here, e1 ð� 1Þ is the dielectric constant at

the high-frequency limit, xp is the plasma frequency of free

electrons, c is the damping constant, c is the speed of light,

nSi is the refractive index of the Si substrate, and d is the

thickness of the specimen. The damping constant c describes

the rate of electron–electron scattering and/or electron–boun-

dary scattering. According to the above equations, the trans-

mittance becomes lower with either increased plasma

frequency or a reduced damping constant. The plasma fre-

quency is defined as

xp ¼

ffiffiffiffiffiffiffiffiffiffi
ne2

e0m�

s
; (2)

where n is the electron density, m* is the electron effective

mass, e is the elementary charge, and e0 is the dielectric con-

stant in vacuum. Figure 3 shows the Au-thickness dependences

of the estimated plasma frequency (open circles) and of the

FIG. 1. (a) SEM images of the specimens with thicknesses of 1.9 nm (top)

and 5.8 nm (bottom). (b) Side view of the specimen placement used for meas-

uring signal- and reference-THz transmittance. (c) Typical transient THz

waveforms for the reference (dashed curve) and the signal (solid curve) with

the 1.9-nm-thick Au film. The inset shows the complex permittivity spectrum

of the 1.9-nm-thick Au film. The real and imaginary parts are shown by closed

and open circles. The solid curves come from the Drude fits.

FIG. 2. (a) Averaged THz transmittance as a function of Au-film thickness

with several THz intensities. E0 denotes a maximum electric field (284 kV/

cm). (b) The normalized transmittance as a function of maximum electric-

field strength for various film thicknesses. The transmittance is normalized

by the weakest electric field (E0/16).
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estimated damping constant (solid circles) under the weakest

electric field (E0/16). Except for the extremely thin specimens

(<2 nm), both the plasma frequency and damping constant are

practically independent of the thickness, with estimated values

of 13� 1015rad/s and 300� 1012 s�1, respectively. The esti-

mated plasma frequency is slightly smaller than that of the

bulk specimen (14� 1015 rad/s), whereas the damping constant

is larger than that of the bulk specimen ð38� 1012 s�1Þ,29

however slightly smaller than that of the porous specimen

ð330� 1012 s�1Þ.22 The slight decrease of the estimated

plasma frequency may be attributable to carrier trapping due to

the presence of grain boundaries. Since we use polycrystalline

Au thin films in this study, the damping constant is expected to

be larger than that of single-crystalline Au, while smaller than

that of granular or typical porous specimens, depending on the

abundance of grain boundaries. In specimens thinner than

2 nm, the plasma frequency decreases and the damping con-

stant increases with reduced thickness, as shown in Fig. 3,

which is probably due to the effects of surface roughness.

The plasma frequency and damping constant as functions

of the maximum electric field with various film thicknesses

are shown in Figs. 4(a) and 4(b), respectively. The plasma fre-

quency is slightly enhanced (�5%) by the intense THz field,

and the value approaches that of the bulk specimen

(14� 1015 rad/s), while showing negligible thickness depend-

ence, as expected. However, the damping constant signifi-

cantly decreases (10%–30%), while remaining independent of

the film thickness. The decrease of the damping constant

implies the increase of the conductivity in polycrystalline Au

thin films, since a conductance r is expressed as r¼ ne2/cm*.

It is known that the conductance of metal thin films with

many small discrete islands becomes higher as temperature

increases,30 as a result of the increase of the tunneling rate

between islands; the temperature rise of 70 K leads to the 25%

increase of the conductance or the 20% decrease of the damp-

ing constant in Ref. 30. Assuming that the same situation can

be applied to polycrystalline Au thin films, we estimated the

temperature rise induced by the applied THz field. The lattice

temperature rise for the 4.8-nm-thick film by 280 kV/cm-

THz-field illumination is negligible for the increase of the

conductance in the time region. In contrast, the mean free

path l ð¼ vF=cÞ of the 4.8-nm-thick film was estimated to be

6.4 nm using a Fermi velocity ðvFÞ of 1:4� 106 m=s and the

observed damping constant of 220� 1012 s�1 induced by the

applied THz field of 280 kV/cm, whose value is larger than

the typical grain size of 3–5 nm. The larger mean free path

over the grain size most likely results from the decrease of

the electron–boundary scattering rate; the intense THz elec-

tric field can drive free electrons beyond the grain boundaries

without lattice heating, leading to the suppression of the elec-

tron–boundary scattering rate. The reduced damping constant

is the primary factor in the nonlinear-transmittance response

in polycrystalline Au ultrathin films, where the intense THz

field significantly reduces the boundary effect.

In summary, we have measured a nonlinear, 10%–30%

reduction in the transmittance of Au ultrathin films in the

THz region, with thicknesses ranging from 1.4 to 5.8 nm,

using intense electric fields. Thus, by using non-porous poly-

crystalline Au, we were able to evaluate the inherent nonlin-

ear electron dynamics of Au. A Drude analysis revealed a

considerable reduction in the damping constant, indicating

that such intense, high electric fields drive electrons beyond

the polycrystalline grain boundaries in Au thin films, leading

to the suppression of the electron–boundary scattering rate.

Our findings suggest that the nonlinear electron transport

induced by such fields should be taken into account in the

analysis of electromagnetic properties of metallic nanostruc-

tures, where electric-field enhancement occurs readily.

FIG. 3. Plasma frequency (open circles) and damping constant (solid circles)

in the E0/16 field obtained by the Drude analysis as a function of film

thickness.

FIG. 4. (a) The plasma frequency and (b) the damping constant of the Au

film vs. the maximum electric field, normalized as by the weakest electric

field (E0/16). The standard deviation of the normalized plasma frequency

and of the normalized damping constant is 0.022 and 0.13, respectively.
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