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We have demonstrated accurate observations of terahertz (THz) dielectric response due to

photoexcited carriers in a Si plate via single-shot optical-pump and THz-probe spectroscopy. In

contrast to conventional THz time-domain spectroscopy, this spectroscopic technique allows

single-shot detection of the THz response of materials at a given delay time between the pump and

THz pulses, thereby sufficiently extending the time interval between the pump pulses. As a result,

we can accurately measure the dielectric properties of materials, while avoiding artifacts in the

response caused by the accumulation of long-lived photoexcited carriers. Using our single-shot

scheme, the transmittance of a Si plate was measured in the range of 0.5–2.5 THz with different

pump fluences. Based on a Drude model analysis, the optically induced complex dielectric con-

stant, plasma frequency, and damping rate in the THz region were quantitatively evaluated. VC 2015
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4934697]

Silicon (Si) has attracted much attention for use in vari-

ous kinds of semiconductor devices, such as storage devices,

optical sensors, and thermal sensors.1–3 For each of these

applications, a fundamental understanding of carrier dynam-

ics is extremely important for improving the performance of

the devices; for this reason, optical-pump and optical-probe

experiments have been performed to reveal the carrier dy-

namics in Si.4–7 These prior experimental results have dis-

closed the picosecond to nanosecond decay properties of

photoexcited carriers in the infrared to visible light region.

The existence of long-lived carriers, which might be in deep

energy levels, was also suggested in previous studies.8,9

Recent progress in terahertz time-domain spectroscopy

(THz-TDS) allows us to access the dielectric response due to

photoexcited carriers in the far-infrared region.10–15 In con-

ventional optical-pump and THz-probe (OPTP) spectros-

copy, a set of two translational delay stages is required to

vary the time delay between the THz and probe pulses, as

well as between the pump and THz pulses. Using this

method, the time evolution of the transmittance change of

materials, i.e., DTðtÞ=T0, can be measured. However, in this

method, the effect of long-lived carriers, whose lifetime is

longer than the period between successive pump pulses (typ-

ically 1 ms for the use of a regenerative amplifier), may dis-

tort the THz dielectric response, and therefore, an absolute

value of the THz transmittance (T) has not been accurately

determined.10,11 The use of single-shot THz-TDS spectros-

copy16–22 is essential for revealing accurate THz dielectric

response due to the photoexcited carriers, while avoiding the

artificial response due to the long-lived carriers.

In the present study, we employed a single-shot OPTP

spectroscopy with an echelon mirror (step width: 20 lm, step

height: 2.5 lm, and total steps: 750 steps).21 Since this tech-

nique produced an absolute value of the THz transmittance

with a good signal-to-noise ratio, we could evaluate

important physical quantities, such as the complex dielectric

constant, plasma frequency, and damping rate, in the THz

region in a Si plate based on a Drude model analysis.

FIG. 1. Experimental setups of two OPTP spectroscopic techniques: (a)

single-shot scheme and (b) conventional stage-scan scheme. The inset of (a)

shows a typical image of the temporal profile of the THz waveform captured

by a CMOS camera. (c) Time-based plots of the generated THz waveforms

measured via the single-shot (solid curve) and stage-scan (dashed curve)

schemes. The inset shows the FT power spectra obtained with both schemes.

Note that the intensity under the single-shot scheme is shifted by 10 times to

clearly identify the two spectra.a)Email: katayama@ynu.ac.jp
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Figure 1 illustrates the experimental setups for two

OPTP spectroscopic techniques: (a) single-shot and (b) con-

ventional stage-scan schemes. In both schemes, a Ti-

sapphire regenerative amplifier system (center wavelength:

800 nm, pulse duration: 100 fs, energy: 1.6 mJ/pulse, and

repetition frequency: 1 kHz) was used as a light source. A

commercial 750-lm-thick Si plate (001) (>1500 X cm) was

used as a specimen. A THz pulse was generated from an

asymmetric plasma ionization process induced by a two-

color (800 and 400 nm) laser field.23–27 The generated THz

pulse was irradiated on a Si plate and was then directed to a

2-mm-thick ZnTe (110) crystal via off-axis parabolic mir-

rors. Subsequently, the THz waveform transmitted through

the Si plate was measured by electro-optic (EO) sampling.

The Gaussian-shaped pump and THz pulses were illuminated

perpendicular to the Si plate as shown in Figs. 1(a) and 1(b).

The spot size of the THz pulse was 500 lm, while that of the

pump pulse was 3 mm to cover the whole area of the THz

pulse. The absolute value of the THz transmittance of the Si

plate under photoexcitation by the 800 nm pump was nor-

malized compared with that without a Si plate.

In the case of the conventional OPTP scheme shown in

Fig. 1(b), the transmitted THz waveform at a given delay

time between the pump and THz pulses was measured with

multiple delayed optical probe pulses relative to the THz

pulse whose timing was tuned by scanning a translational

stage. During the measurement, the irradiation of the pump

pulses was repeated many times with 1 kHz repetition rate.

In the case of the single-shot OPTP scheme shown in Fig.

1(a), on the other hand, the THz waveform was detected

with a single optical probe pulse with spatially encoded

time-delays produced by an echelon mirror.21 Therefore, the

time interval between the pump pulses could be much longer

than the repetition period of the incident laser, which was

typically set as >5 s in our experiment. The image of the op-

tical probe was then precisely focused on a two-dimensional

CMOS camera, and the time evolution of the THz transmit-

tance was readily visualized as shown in the inset of Fig.

1(a). By accumulating the observed signal along the vertical

direction of the CMOS camera, we could obtain the THz

waveform with a good signal-to-noise ratio.

Figure 1(c) shows a typical THz waveform without a

specimen observed via either the single-shot or the conven-

tional stage-scan scheme. The inset of Fig. 1(c) displays the

Fourier-transformed (FT) power spectra. Using our single-

shot scheme, a wide range of the transmittance in the 0.5–2.5

THz range could be clearly detected, including water vapor

absorption at 1.7 THz. Judging from the agreement between

the THz waveforms and power spectra measured with both

schemes, the single-shot scheme has enough performance to

quantify the THz dielectric response due to photoexcited car-

riers in a Si plate. When measuring the THz dielectric

response of the Si plate, all the measurements were per-

formed at room temperature in a nitrogen gas atmosphere to

eliminate water vapor.

Figure 2 shows the transmittance of the Si plate as a

function of time with different pump fluences measured via

the single-shot (solid curves) and the conventional stage-

scan (dashed curve) schemes. The transmittance intensity

was averaged over the frequency range of 0.5–2.5 THz, since

the transmittance spectra were flat in this frequency range.28

Each transmittance curve immediately decreases at time

t¼ 0 just after the pump pulse illumination, and subsequently

has a plateau without a decay profile, suggesting the exis-

tence of long-lived carriers. Upon increasing the fluence, the

transmittance becomes lower due to the increase of photoex-

cited carriers. Note that, for the 148 lJ=cm2 pump illumina-

tion, the transmittance values before the pump disagree

between the two schemes: the values are 0.48 and 0.35 for

the single-shot and the stage-scan schemes, respectively.

Using the well-known refractive index of Si (¼3.42) in the

THz frequency region, the THz transmittance of the Si plate

without photoexcitation was estimated to be 0.49. This

value is in a quite good agreement with that measured via

the single-shot scheme. On the other hand, the transmittance

observed via the stage-scan scheme gives a smaller value

than the calculated one, implying an overestimation of the

carrier density as a result of artifacts in the response caused

by the accumulation of long-lived carriers. Indeed, in the

case of the stage-scan scheme, the transmittance value before

the arrival of the pump pulse became lower with increasing

the pump fluence. This also suggests the existence of the arti-

facts due to the accumulation of long-lived carriers.

To evaluate the accurate THz dielectric response due to

the photoexcited carriers in the Si plate, a Drude model anal-

ysis was carried out in the case of the single-shot scheme.

The observed complex transmittance ~TðxÞ at each angular

frequency x under the thin film approximation is expressed

as29,30

~T xð Þ ¼ nSi þ 1

nSi þ 1� ix~ed=c
; (1)

where ~eðxÞ is the complex dielectric constant

~e xð Þ ¼ e1 �
x2

p

x xþ icð Þ : (2)

Here, e1 (¼11.7 (Ref. 31)) is the dielectric constant at the

high frequency limit, xp is the plasma frequency, c is the

damping rate, c is the speed of light, nSi is the refractive

index of the Si without photoexcitation, and d (¼13.5 lm) is

the thickness of the photoexcited region estimated from the

penetration depth of the pump wavelength.31 We assumed

FIG. 2. Time-based plots of the THz transmittance of the Si plate at different

pump fluences obtained via the single-shot (solid curves) and stage-scan

(dashed curve) schemes. The optical pumping occurred at time t¼ 0 as

shown by the arrow.
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that the photoexcitation uniformly occurred in the region.

The plasma frequency is given by

xp ¼

ffiffiffiffiffiffiffiffiffiffi
ne2

e0m�

s
; (3)

where n is the carrier density, m� (¼0.26 m0 (Ref. 31)) is the

effective mass, e is the elementary charge, and e0 is the

dielectric constant of vacuum. From these equations, we

expect that the transmittance will become lower as a result

of either increasing the plasma frequency or decreasing the

damping rate.

Figure 3(a) shows the real (solid circles) and imaginary

(open circles) parts of the dielectric constant at time t ¼ þ4 ps

with the pump fluence of 148 lJ=cm2, measured via the

single-shot scheme. The solid curves are the best fits derived

from Eq. (2) with two adjustable parameters: xp ¼ 2:4 THz

and c ¼ 3:0 ps�1. Because both the real and imaginary parts of

the dielectric constant were dispersive under the pump illumi-

nation, we could accurately estimate the two physical quanti-

ties. Figure 3(b) shows the estimated plasma frequency (solid

circles) and damping rate (solid squares) as a function of pump

fluence. To evaluate these physical quantities without pump-

ing, we also display the values of the plasma frequency and

damping rate before pumping, which are estimated at time

t¼�1 ps. As we would expect from Eq. (3), the plasma fre-

quency is proportional to the square root of the pump fluence,

i.e., the carrier density. On the other hand, the damping rate is

almost independent of the pump fluence, suggesting that nei-

ther carrier-carrier collisions nor Auger recombination contrib-

utes to the damping rate, and that carrier-phonon scattering

might play an important role in the damping.8 Figure 3(c)

shows the estimated carrier density as a function of the pump

fluence. As shown in the figure, the carrier density linearly

increases with the fluence as expected. The carrier density

without pumping was estimated as n < 2:3� 1015 cm�3.32

Under the optical pumping with the fluence of 148 lJ=cm2,

the carrier density was n ¼ 1:9� 1016 cm�3, and as a result,

the net increase of the carrier density via the photoexcitation

was estimated to be Dn � 1:7� 1016 cm�3.

Finally, we compare the physical quantities (plasma fre-

quency, damping rate, and carrier density) estimated under the

single-shot scheme with those under the conventional stage-

scan scheme in the case without pumping. The physical quan-

tities estimated under the stage-scan scheme, xp¼ 1.9 THz

and c ¼ 12 ps�1, as well as n ¼ 1:2� 1016 cm�3, are denoted

by an open square and open circles in Figs. 3(b) and 3(c).

These values are anomalously high for the Si plate, probably

due to photoexcited carriers that survived for more than 1 ms.

Since the pump pulses arrive at the specimen once per milli-

second in the stage-scan method, the long-lived carriers opti-

cally generated by previous pump pulses are accumulated,8

leading to the overestimation of the physical quantities. Here,

we estimated the lifetime (s) of the long-lived carriers, assum-

ing that the lifetime shows an exponential decay. In the

case of the conventional stage-scan scheme, the optical pump-

ing was repeated every 1 ms (Dt¼ 1 ms). Therefore, the

carrier density observed via the stage-scan scheme under the

148 lJ=cm2 pump illumination, n (¼3:5� 1016 cm�3), is

expressed as

n ¼ n0 þ
X1
m¼0

Dn exp �mDt=sð Þ ¼ n0 þ Dn
1

1� exp �Dt=sð Þ ;

where n0 and Dn are the carrier density before pumping

(n0 < 2:3� 1015 cm�3) and the net increase of the carrier

density (Dn � 1:7� 1016 cm�3), respectively, observed via

the single-shot scheme, as shown in Fig. 3(c). Using this sim-

ple calculation, s was estimated to be 1.4 ms whose value is

quite in a good agreement with the value obtained in Ref. 8.

In contrast, our single-shot scheme enables accurate ob-

servation of the dielectric response, while avoiding any artifi-

cial response due to the accumulation of long-lived

FIG. 3. (a) Real (solid circles) and imaginary (open circles) parts of the

dielectric constant at time t ¼ þ4 ps with the pump fluence of 148 lJ=cm2

measured via the single-shot scheme. The solid curves are the best fits,

derived from Eq. (2) in the main text. (b) The estimated plasma frequency

(solid circles) and damping rate (solid squares) as a function of the pump flu-

ences under the single-shot scheme. The values of the plasma frequency and

damping rate before pumping are estimated from the THz transmittance at

time t¼�1 ps. The dashed curve shows a square root relationship between

the plasma frequency and the pump fluence. (c) The estimated carrier den-

sity as a function of the pump fluence obtained with the single-shot scheme

(solid circles). The carrier density is proportional to the pump fluence as

shown by a dashed line. For the case without pumping, the plasma fre-

quency, damping rate, and the carrier density estimated under the stage-scan

scheme are also shown by open circles and a square in (b) and (c).
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photoexcited carriers. These results clearly indicate that the

use of single-shot OPTP spectroscopy is indispensable for

providing quantitative measurement of the THz dielectric

response of materials when long-lived carriers exist.

In conclusion, we have demonstrated the THz dielectric

response due to photoexcited carriers in a Si plate via single-

shot OPTP spectroscopy with an echelon mirror. In contrast

to conventional stage-scan OPTP spectroscopy, this tech-

nique allows single-shot detection of the THz response of

materials at a given delay time between the pump and the

THz pulses. Since the time interval was sufficiently spaced

between the pump pulses, we could achieve accurate obser-

vation of the THz transmittance of the Si plate with different

pump fluences, while avoiding the pileup effect due to the

photoexcited long-lived carriers. Based on a Drude model

analysis, the optically induced complex dielectric constant,

plasma frequency, and damping rate in the THz region were

quantitatively evaluated.
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