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The terahertz (THz) response from vertically aligned few-layer graphene samples with and without

femtosecond optical excitation was investigated. The frequency-dependent optical conductivity of

the photoexcited vertically aligned few-layer graphene had a strong free carrier response. Upon

photoexcitation, a transient decrease in THz transmission on the subpicosecond timescale was

observed. A modulation depth of nearly 16% was demonstrated in the range of the photoexcitation

power used. The photoinduced ultrafast response presented here is distinct from previous studies

on horizontally grown graphene. The mechanism underlying this photoconductive ultrafast

response was investigated by measuring the transmission properties and by calculating the carrier

density. The results of these studies are promising for the development of high-performance THz

modulators and ultrafast switchable THz photoelectric devices. VC 2016 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4944887]

Graphene is a gapless two-dimensional material with

hexagonal lattice and linear electronic band dispersion for

the electron and hole bands near the corners of the Brillouin

zone. Graphene has attracted much attention for its excep-

tional physical properties,1 such as the anomalous quantum

Hall effect, extremely high carrier mobility, absorption that

can saturate, and tunable interband and intraband conductiv-

ities.2–5 Thus far, experimental studies have confirmed that

the interband transitions dominate in the infrared/visible

range and give rise to a constant absorption of 2.3% by

single-layer graphene at normal incidence.6–8 Intraband tran-

sitions dominate the terahertz (THz) range, resulting in a

tunable optical conductivity that can be described using the

Drude model.9,10 It is well known that graphene is one of

the best materials for modulating the propagation properties

of the THz wave. Many of the THz devices based on gra-

phene have been reported.11,12 An important way to realize

such modulation is to apply an external optical to graphene-

related hybrid structures.13 Because of the intraband transi-

tions or free carrier absorption,14,15 the Fermi level in

graphene can be tuned and thus the optical conductivity can

also be tuned. Recently, many studies of ultrafast optical

pumping of graphene have been performed to investigate the

evolution of the graphene optical response.16–19 This tran-

sient THz response is appealing, because it can directly mir-

ror the dynamics of the free carriers without considering

complex interband transitions. The response of carriers in

nonequilibrium conditions is of particular importance for the

generation of photocurrent in graphene, which can be used in

photoelectric detectors and emitters.20,21 However, all of the

reported research on graphene in the THz range concern

horizontally grown graphene. To date, the optical properties

of vertically aligned few-layer graphene (VAFLG)22–24 in

the THz range remain unexplored.

Recently, three-dimensional graphene has attracted

much attention because of its high surface-area-to-volume

ratio. The vertically aligned graphene nanosheet is a popular

material with a three-dimensional carbon structure and has

been used in various applications, such as field emitters,25

supercapacitors,26–28 and batteries.29 Therefore, the study of

VAFLG will not only provide guidance for these applica-

tions, but also lay the foundation for and promote the devel-

opment of relative applications in the THz range. In this

paper, the VAFLG samples were measured using THz time

domain spectroscopy and an optical pump system. A tran-

sient decrease of the THz transmission upon optical pumping

was observed with a modulation depth of nearly 16%. The

response time was on the subpicosecond scale. The graphene

optical conductivity was fitted with the Drude model and

agreed with the experimental results. According to the calcu-

lations and analysis, the increase of optical conductivity

from the rise in carrier density is responsible for the observed

phenomena. Owing to a transmission decrease with the

increase in the pump power, the photoinduced ultrafast

response presented here is clearly distinct from the previous

reports of horizontally grown graphene on a quartz substrate.

For horizontally grown few-layer graphene with a quartz

substrate, the THz transmission increased with the rise in op-

tical pump power,30,31 originate from the decrease of photo-

conductivity, the experimental modulation depth reported

was just less than 5%, and the response time was on the pico-

second scale. The research presented not only shows the

diversity of responses in graphene depending on the method

of sample growth, but more significantly demonstrates thata)yzhang@cnu.edu.cn
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VAFLG can be applied in the development of ultrafast THz

modulators and switchable THz devices.

The response of VAFLG was investigated with a time-

resolved THz spectroscopy system. The experimental setup

is schematically illustrated in Fig. 1(a). A femtosecond

Ti:sapphire amplifier system with a repetition rate of 1 kHz

and a central wavelength of 800 nm was used as the light

source. The THz wave generated by a h110i ZnTe crystal was

normally incident on the VAFLG. The THz wave and pump

beam were all linearly polarized. The optical path of the

pump beam and THz beam can be modulated with two elec-

tronically controlled moving stages. After passing the sample,

the THz wave was collected with parabolic mirrors and meas-

ured with a differential detection setup. The VAFLG samples

investigated in this study were prepared by microwave

plasma-enhanced chemical vapor deposition. Figure 1(b)

shows a scanning electron microscopy image of a VAFLG

sample. The porosity of the VAFLG film is approximately

30%, and the sheet resistance is about 147 X/� employing a

four-point probe technology. The thicknesses of the VAFLG

film and quartz substrate are 1.8 lm and 500 lm, respectively.

Figure 1(c) describes a Raman spectrum of a VAFLG sample,

providing useful information about the defects (D

peak� 1349 cm�1), in-plane vibration of sp2 carbon atoms (G

peak � 1589 cm�1), as well as the stacking order (2D peak

� 2695 cm�1). There is a split peak labeled Gþ at 1621 cm�1,

which is due to in-plane vibrations along the vertically grown

axis. The full-width at half-height maximum (FWHM) of 2D

band is 80 cm�1, and the intensity ratio of G/2D is about 2.

Thus, the number of layers for VAFLG film is estimated to be

between 5 and 10 (less than 10).

The transmission of the VAFLG sample was first meas-

ured without photoexcitation. The THz waves transmitted

through the VAFLG sample and the bare quartz substrate are

EðtÞ and E0ðtÞ as shown in Fig. 2(a). EðxÞ and E0ðxÞ are the

corresponding spectra in the frequency domain. The ampli-

tudes of jEðxÞj and jE0ðxÞj are shown in the inset of Fig.

2(a). A significant attenuation of THz transmission was

observed, which arises from the strong response of charge

carriers in the VAFLG sample. Considering that both the

thickness and the pores’ size of the VAFLG film are far

smaller than the center wavelength of the THz wave used

(400 lm), it is appropriate to apply thin-film approximation

and an effective medium model to describe the experimental

data.32 Therefore, the frequency-dependent equivalent complex

conductivity ~rðxÞ of the VAFLG sample can be extracted

from the measured transmission spectra using the following

formula:32

FIG. 1. (a) Schematic of the experimental setup. (b) Scanning electron mi-

croscopy image of the VAFLG sample. (c) Raman spectrum of VAFLG

sample.

FIG. 2. (a) Measured THz waveforms transmitted through the VAFLG sam-

ple (red) and bare quartz substrate (black). The inset shows the correspond-

ing frequency domain signals. (b) Experimental (dotted) and fitted (solid)

complex conductivity of the VAFLG sample.
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E xð Þ
E0 xð Þ ¼

ns þ 1

ns þ 1þ dZ0~r xð Þ ; (1)

where ns ¼ 1:96 is the refractive index of the quartz sub-

strate, Z0 ¼ 377 X is the impedance of free space, x is the

angular frequency of the incident light, and d ¼ 1:8 lm is

the thickness of the VAFLG sample. The complex conduc-

tivity of VAFLG is normalized by the quantum of conduct-

ance G0 ¼ 2e2=h, where e is the electron charge and h is the

Planck constant. Figure 2(b) illustrates the measured com-

plex conductivity ~rðxÞ (dotted) of VAFLG. The real part of

~rðxÞ is nearly 14G0. This is large because of the high carrier

density arising from the sample growth process combined

with the relatively high carrier mobility. Note that the real

part of the conductivity is almost constant for a particular

THz frequency, indicating that the scattering rate of VAFLG

is too high to observe any frequency dependence of the con-

ductivity over the measured THz spectral range.33,34

To fully understand the phenomenon observed, the ex-

perimental conductivity of a VAFLG sample was fitted with

the Drude model:30–36

~r xð Þ ¼ iD

p xþ iCð Þ ; (2)

where U is the average scattering rate of carriers and D is the

Drude weight related to the density of carriers. The carrier

density N is30–36

N ¼ �h2

pVF
2e4

D2; (3)

where VF is the Fermi velocity with a value of 1.1�106 m/s

and �h is the reduced Planck constant. The solid lines in

Fig. 2(b) are the Drude fitting results of the complex conduc-

tivity with a Drude weight of D ¼ 2:65� 103G0 cm�1 and a

carrier scattering rate of C ¼ 95:47 cm�1. The results fit well

with the experimental values in the measured spectral range.

The density of carriers was N ¼ 1:66� 1010=cm2, showing

a strong response to the electric field. This is the origin of

the attenuation of THz transmission.

The response of the VAFLG sample under external opti-

cal excitation was investigated using an optically pumped

THz probe system. The power of the pumping beam was

modulated with an attenuator. The THz wave had a delay

time with respect to the pump beam to ensure that the

VAFLG sample was excited when the THz wave arrived.

The transmitted THz signal decreased when the photoexcited

power increased from 0 lJ=cm2 to 240 lJ=cm2 as shown in

Fig. 3(a). The phenomena observed here are clearly distinct

from the reported phenomena for horizontally grown gra-

phene on a quartz substrate, which showed a transmission

increase with the increase in the pump power.31 The inset of

Fig. 3(a) shows a magnified view of the peaks, which more

clearly shows a pump-induced decrease of the THz transmis-

sion. For all experimental pump powers, the complex con-

ductivity was calculated and fitted with the Drude model.

The density of carriers under different pump powers was

obtained according to Eq. (3). The modulation depth, M, is

defined as M ¼ jEpðxÞ � EðxÞj=EðxÞ, where EpðxÞ and

EðxÞ are the Fourier transforms of the transmitted THz sig-

nal with and without the optical pump, respectively. The

dependence of the modulation depth, M, and carrier den-

sity, N, on the pump power was calculated and shown in

Fig. 3(b). A modulation depth of nearly 16% was obtained

with a pump power of 240 lJ=cm2. The carrier density

increased from N ¼ 1:66� 1010=cm2 without optical exci-

tation to N ¼ 5:78� 1010=cm2 with the 240 lJ=cm2 pump.

It is obvious that the density of carriers increased with

increasing pump power, leading to the rise in optical con-

ductivity and consequently the decrease in THz transmis-

sion as shown in Fig. 3(a).

To further investigate the dynamic process of the opti-

cal response of the VAFLG sample, the moving stage con-

trolling the optical path of the THz wave was fixed at the

maximum of the THz signals, while the moving stage con-

trolling the pump beam was scanned to modulate the time

delay, s, between the pump beam and THz wave. The time

delay s ¼ 0 means that the optical path of the THz wave

and pump beam is equal, while s < 0 and s > 0 mean that

the pump beam arrives at the VAFLG sample later or ear-

lier than THz wave. The transmitted THz signals at differ-

ent s with different pump powers were recorded and given

in Fig. 4(a). The photoinduced change in the maximum of

the transmitted THz wave was normalized to the maximum

of the THz wave without photoexcitation. The transmitted

THz electric field decreased rapidly after photoexcitation

on the subpicosecond time scale and then recovered to

nearly the original value for all measured photoexcitation

FIG. 3. (a) Transmitted THz signals of the VAFLG sample under different

photoexcitation powers. The inset shows a magnified view of the peaks.

(b) Dependence of the modulation depth and carrier density on photoexcited

power.

121904-3 Fu et al. Appl. Phys. Lett. 108, 121904 (2016)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  159.226.35.2 On: Fri, 29 Apr 2016

00:40:28



powers. Providing that the pump power is 240 lJ=cm2, the

transmitted THz electric field can transiently drop to 84%

in less than half a picosecond. The observed phenomenon

indicates that the stronger the power of the pump beam, the

greater the transmitted THz electric field will fall.

Therefore, a lower transmitted THz electric field can be

obtained with a stronger pump power. These results are

exciting for promising applications in THz technology,

such as the development of high-performance THz modula-

tors and ultrafast switchable THz optoelectronic devices.

The mechanism underlying this photoconductive ultra-

fast response was investigated by measuring the THz trans-

mission properties at different time delays, s, and by

calculating the density of carriers. The pump power was

set at a specific value, and the stage controlling the optical

path of the pump beam was fixed at different s. For each s,

the transmitted THz waves were recorded and analyzed.

According to Eqs. (1), (2), and (3), the complex conductivity

with its own Drude weight, D, and scattering rate, U, for

each s was calculated. The dependence of the carrier density

on different s with the pump power of 200 lJ=cm2 was illus-

trated in Fig. 4(b). Upon photoexcitation, the density of carriers

rises sharply from N ¼ 2:07� 1010=cm2 for s ¼ �0:5 ps to

N ¼ 4:50� 1010=cm2 for s ¼ 0:4 ps. After photoexcitation,

the density of carriers recovers to a value close to the original

state. For a time delay of s < 0, the THz transmission obtained

is equivalent to the state without photoexcitation. For s > 0,

the optically generated carriers emerge when the THz wave

arrives. The increase in N leads to the rise in the optical

conductivity and consequently to the decrease in THz trans-

mission. Because graphene has an extremely high carrier

mobility, the photogenerated carriers recombined as the time

delay deviated from s ¼ 0. The decrease in N leads to

decline in optical conductivity, and therefore, the THz trans-

mission returned to the initial state.

In conclusion, the THz response of VAFLG with and

without a femtosecond optical pump was measured and ana-

lyzed. The frequency-dependent conductivity of the photoex-

cited VAFLG had a strong free carrier response. Upon

photoexcitation, a transient decrease in THz transmission on

the subpicosecond timescale with a modulation depth of 16%

was observed. The subpicosecond decrease arises from the

increase in the density of carriers, thus leading to the increase

in conductivity. The optical conductivity of graphene was fit-

ted with the Drude model and agreed with the experimental

results. The photoinduced subpicosecond response reported

here demonstrates that the THz response of graphene can be

strongly tuned by the optical pump, which can be applied in

high-performance THz modulators and ultrafast switchable

THz devices.
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