5535 455 6 1) EANE RS- S NI e Vol. 35, No.6
2016 4F 12 A J. Infrared Millim. Waves December,2016

XEHS: 1001 -9014(2016)06 - 0667 - 05 DOI:10. 11972/j. issn. 1001 —9014. 2016. 06. 006

Spectrum analysis of bio-chemical thin films on the surface
of a semiconductor by terahertz surface plasmon polaritons
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Abstract: A new method for measuring terahertz ( THz) transmission spectra of bio-chemical thin films placed on
the surface of a semiconductor by terahertz surface plasmon polaritons ( SPPs) was proposed. A strongly confined
surface plasmon in the terahertz frequency range on the surface of semiconductor was theoretically proved, which
can be used to enhance the light-matter interaction with bio-chemical layers above the semiconductor surface. By
employing a free-space THz time-domain spectroscopy ( TDS) system, the transmission power spectra of onion ep-
idermis films with free space transmission and SPP transmission, respectively, were experimentally obtained. Ex-
perimental results show that SPP transmission spectra represent many characteristic absorption peaks for a layer of

onion epidermis film, which are more than 100 times thinner than the free space wavelength of the terahertz wave.
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Introduction

Terahertz (THz) waves are electromagnetic radia-
tion in the frequency range of 0.1 to 10 THz. Because of
its nonionizing nature and the distinctive absorption re-
sponse of many molecules in the terahertz frequency
range, there has been a lot of interest in using terahertz
spectrum for chemical and biological analysis. However,
since the wavelength of the THz region is several hundred
microns, which is about three orders of magnitude larger
than that of the visible and near infrared regions, it is
very difficult to investigate sample films much thinner
than the THz wavelength'". Artificial resonant structures
provided a possible solution to this problem''. The sen-
sitivity of the thin film detection could be significantly
improved around the resonant frequency, so as to realize
the THz spectrum analysis for a very thin film. However,
the implementation of the THz spectrum analysis with
those resonant structures is still challenging due to the
difficulty of large area arrayed device fabrication"’.

By using terahertz surface plasmon polaritons
(SPPs), which can exhibit subwavelength confinement
of the terahertz electric field in the direction normal to a
semiconductor interface'**’ | we realize both the high
sensitivity and the large area spectrum analysis for a very
thin bio-chemical film. In comparison with conventional
THz spectroscopic method, the subwavelength field dis-
tribution of THz SPPs enhances interactions of light and
matter with material in the region just above the semicon-
ductor surface. Since the energy confinement of THz
SPPs is related to the approaching degree between the
frequency of SPPs and the semiconductor’ s plasma fre-
quency, a high sensitivity in spectrum inspection is a-
chieved by using a THz wave with frequencies slightly
lower than the plasma frequency of the semiconductor. In
this paper, we demonstrate spectrum analysis for bio-
chemical films laid on the surface of an intrinsic indium
antimonide (InSb) wafer with a carrier density of 1 X
10" em” and a plasma frequency of 2 THz at 300 K,
thus showing that THz spectra in the range from 0.1 THz
to 1.9 THz can be measured by the SPP spectrum analy-
zer with high sensitivity.

1 Principles of operation

SPPs can only propagate at the interface between
two media with permittivities of opposite signs'”*/. THz
SPPs propagating along the surfaces of semiconductors re-
semble SPPs for metals at visible frequencies. However,
SPPs with visible, near infrared, or even some THz fre-
quencies cannot propagate along the surface of a semi-
conductor. This is because the real part of the semicon-
ductor’ s permittivity is positive for SPPs with frequencies
higher than the plasma frequency of the semiconductor.
According to the Drude model” | the permittivity of a
semiconductor is related to the plasma angular frequency
which is given by
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where g, is the static permittivity ; 7 is the average col-
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lision time of the charge carriers; @ is the angular fre-
quency of THz SPPs; w, is the plasma angular frequen-
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where f, is the plasma frequency; N is the free carrier
density; e is the fundamental charge; &, is the vacuum
permittivity and m ™ is the carrier effective mass.

Therefore, in order to support the THz SPPs propa-
gation, the permittivity of the semiconductor should be
negative and the frequencies of the THz wave should be
smaller than the plasma frequency of the semiconductor.
If the plasma frequency of the semiconductor is not high
enough, we need to increase the carrier density of the
semiconductor, which can be increased by chemical do-
ping.

However, it does not mean that the plasma frequen-
cy should be as large as possible. This is because when
the plasma frequency is increased, the decay length in
the dielectric is also increased. Consequently, the energy
is not confined on the interface, which may affect the
sensitivity of the detection. The following calculations
prove the estimation. According to the dispersion relation
of SPPs'"” | the propagation constant component with a
direction normal to the semiconductor-dielectric interface
(Z-axis) are given by

, (3)

where g, is the permittivity of the dielectric, i. e. the ef-

fective permittivity of thin film and air, &, is the permit-
tivity of the semiconductor, c is the speed of light in vac-
uum, P is the phase constant along the direction normal
to the interface, D is the decay constant along the direc-
tion normal to the interface.

Therefore, we can calculate the wavelength and de-
cay length in the dielectric along the direction normal to
the interface, which are given by
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According to Egs. 1 ~5, we obtain the results as
shown in Figs. 1 and 2. Figure 1 shows the relation be-
tween decay lengths of some THz SPP frequency compo-
nents and plasma frequency of the semiconductor. We
find that when the plasma frequency is increased, the de-
cay length in dielectric is also increased. In order to a-
chieve high energy confinement on the interface, we need
to choose a semiconductor with a plasma frequency a lit-
tle bit larger than the frequency range of the THz SPPs
for spectrum measurement. Considering plasma frequen-
cies of metals are much larger than the frequency of THz
SPPs, the terahertz surface electromagnetic mode is only
weakly bound on metal surface, thus metals are not suit-
able materials for supporting THz SPP propagation in our
design. Figure 2 shows the wavelength of THz wave in
free space and the wavelength of THz SPPs in dielectric
along the direction normal to the interface. We found that
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Fig.1 The relationship between decay length in the
dielectric and plasma frequency of the semiconductor
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Fig.2 The solid line shows the wavelength of THz
wave in free space and the dashed line shows the wave-
length of THz SPPs in dielectric along the direction
normal to the interface
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the wavelength of SPPs along the direction normal to the
interface is much smaller than the wavelength of free
space THz wave with the same frequency particularly in
low frequency band, which is especially favorable for
spectrum analysis of thin film.

2 Experimental results

In order to show that the THz SPP on a semiconduc-
tor is significantly more sensitive to a thin film than free
space THz wave, we modify a traditional THz time-do-
main spectroscopy ( THz-TDS) system'"’ to obtain the
transmission THz SPP power spectra. In the setup as
shown in Fig. 3, a train of pulses from a Ti;sapphire la-
ser is split into two beams. One of these beams consti-
tutes the excitation beam while the other is the probe
beam. The excitation pulses are employed to optically
generate coherent broadband THz radiation from a low
temperature grown gallium arsenide ( LT-GaAs) surface
field emitter and the THz radiation is coupled into THz
SPPs propagating in the surface of a InSh wafer for opti-

cal modulation!”"*’. By varying the time delay between

the two pulse trains, the coupled out THz pulse ampli-
tude can be detected as a function of time with subpico-
second resolution. The InSh wafer used in the experiment
is 0.5 mm thick with 2 inches in diameter. The size of
the razor apertures is 300 pm and the distance between
the two razor blades is 3.5 mm. The thin film used in the
experiment is a layer of onion epidermis with a thickness
of 8 nm. The measured THz pulses are Fourier trans-
formed to obtain the transmission power spectra. The
transmission spectra were measured with and without the
thin film, respectively, and the ratio of these two spectra
show the absorption peaks of the thin onion epidermis in
THz band. Figures 4 (a) ~ (c) shows the time-domain,
frequency domain and transmission absorption spectra.
From Fig. 4(c), we found the absorption peaks are lo-
cated at the frequencies of 0. 234 THz, 0. 468 THz,
0.82 THz, 1.05 THz, 1.28 THz, 1.52 THz and 1. 76
THz, respectively.

Fig.3  Schematic of the THz-TDS to excite and to detect
THz SPP pulses
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For comparison purpose, we have also measured
free space THz wave transmission absorption spectra.
Figures 5 (a) ~ (c¢) show the absorption spectra of free
space THz wave transmitting through one layer, two lay-
ers and three layers of onion epidermis. There are four
obvious absorption peaks located at frequencies of 0. 82
THz, 1.05 THz, 1.29 THz and 1.52 THz, respectively,
as shown in Figs. 5(a) ~ (b). However, there are only
two evident absorption peaks located at frequencies of
0. 468 THz and 0. 82 THz as shown in Fig. 5(c). The
free space THz absorption spectra for one or two layers of
onion epidermis represent the absorption peaks at high
frequencies. This is because that high frequency THz
wave components normally have relative small wave-
lengths , which are comparable to the thickness of the on-
ion epidermis films. In contrast, low frequency THz
components have relative large wavelengths, which are
much larger than the thickness of the sample. Therefore,
the low frequency THz wave cannot fully interact with the
onion epidermis films and the distinctive absorption peaks
in low frequency band cannot be represented. However,
if we increase the thickness of the sample by adding the
layers of onion epidermis film, we would find the distinc-
tive absorption peaks in low frequency band as shown in
Fig. 5(c). The THz signal in high frequency band is
lost because that high frequency waves normally suffer



670 48 5 2 oKk ke M 35 %

Fig.4 (a) The time domain spectrum of the transmitted THz
SPPs (solid red line) and the time domain spectrum of the trans-
mitted THz SPPs passing through the thin onion epidermis
(dashed blue line), (b) The frequency domain spectrum of the
transmitted THz SPPs (solid red line) and the frequency domain
spectrum of the transmitted THz SPPs passing through the thin
onion epidermis ( dashed blue line) , (c) Absorption spectrum of
the transmitted THz SPPs passing through the thin onion epider-
mis
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more Rayleigh scattering'"*! when we add scattering ma-
terials.

By comparing Fig. 4 (c¢) with Figs. 5(a) ~ (c¢),
we concluded that THz SPP transmission absorption spec-
tra represent distinct absorption peaks with high sensitivi-

Fig. 5  Absorption spectra of free space THz wave
transmitting through (a) one layer, (b) two layers and
(c) three layers of onion epidermis
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ty and precision in a wide frequency band. Transmission
absorption spectra with free space THz wave for one bio-
chemical film can represent absorption peaks in high fre-
quency band rather than low frequency band. However,
information of multilayer bio-chemical films is missing in
the transmission absorption spectra at high frequency
band due to Rayleigh scattering. Therefore, compared
with traditional free space transmission method, the new
method using THz SPPs is more sensitive for thin film
THz spectrum analysis in a wide frequency range.

3 Conclusions

A new method to measure distinct absorption peaks
of a thin film by using THz SPPs was proposed. Theoreti-
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cal results prove that THz SPPs have a relative small
wavelength in the direction of thickness dimension com-
pared with free space THz wave in low frequency band,
which is especially favorable for spectrum analysis of very
thin film. Experimental results demonstrated that it is
feasible to use semiconductor SPPs to interrogate the tera-
hertz optical properties of thin bio-chemical analytes with
high sensitivity in a wide frequency range. Experimental
results show that direct transmission spectra cannot repre-
sent absorption peaks in a wide band with a single meas-
urement.

References

[ 1]Miyamaru F, Takeda M W, Suzuki T. Highly sensitive surface plas-
mon terahertz imaging with planar plasmonic crystals[ J]. Optics ex-
press, 2007, 15(22) . 14804 —14809.

[2]Nagel M, Bolivar P H, Brucherseifer M. Integrated THz technology for
label-free genetic diagnostics [ J]. Applied Physics Letters, 2002, 80
(1): 154 -156.

[3]W? chter M, Nagel M, Kurz H. Frequency-dependent characteriza-
tion of THz Sommerfeld wave propagation on single-wires[ J|. Optics
express, 2005, 13(26) : 10815 —10822.

[4]Van der Valk N C J, Planken P C M. Effect of a dielectric coating on
terahertz surface plasmon polaritons on metal wires[ J]. Applied Phys-
ics Letters, 2005, 87(7) : 071106.

[ 5] Parthasarathy R, Bykhovski A, Gelmont B, et al. Enhanced cou-
pling of subterahertz radiation with semiconductor periodic slot arrays
[J]. Physical review letters, 2007, 98(15) : 153906.

[6]Van Exter M, Grischkowsky D R. Characterization of an optoelectronic
terahertz beam system [ J]. IEEE Transactions on Microwave Theory
and Techniques, 1990, 38(11) : 1684 —1691.

[7]Williams C R, Andrews S R, Maier S A, et al. Highly confined guid-
ing of terahertz surface plasmon polaritons on structured metal surfaces
[J]. Nature Photonics, 2008, 2(3) : 175 —179.

[ 8 ] Purkayastha A, Srivastava T, Jha R. Ultrasensitive THz - Plasmonics
gaseous sensor using doped graphene [ J]. Sensors and Actuators B:
Chemical , 2016, 227 ;. 291 —295.

[9] Van Exter M, Grischkowsky D. Optical and electronic properties of
doped silicon from 0. 1 to 2 THz[ J]. Applied Physics Letters, 1990, 56
(17) : 1694 —1696.

[10]Gong M, Jeon T I, Grischkowsky D. THz surface wave collapse on
coated metal surfaces[ J]. Optics express, 2009, 17 (19) . 17088 —
17101.

[11]Van Exter M, Fattinger C, Grischkowsky D. Terahertz time-domain
spectroscopy of water vapor[ J]. Optics letters, 1989, 14(20) ; 1128 —
1130.

[12]Alieva E V, Beitel G, Kuzik L. A. Linear and nonlinear FEL-SEW
spectroscopic characterization of nanometer-thick films [ J]. Applied
spectroscopy, 1997, 51(4) . 584 —591.

[13]Upadhya P C, Shen Y C, Davies A G. Far-infrared vibrational modes
of polycrystalline saccharides[ J]. Vibrational Spectroscopy, 2004, 35
(1): 139 —143.

[14]He Y Q, Liu S P, Kong L. A study on the sizes and concentrations of
gold nanoparticles by spectra of absorption, resonance Rayleigh scat-
tering and resonance non-linear scattering [ J]. Spectrochimica Acta
Part A: Molecular and Biomolecular Spectroscopy, 2005, 61 (13):
2861 —2866.



