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A compact homodyne self-mixing terahertz spectroscopy concept is experimentally investigated

and confirmed by calculations. This method provides amplitude and phase information of the tera-

hertz radiation emitted by a photoconductive antenna in a transmission experiment where a rotating

chopper wheel serves as a feedback mirror. As a proof-of-principle experiment the frequency-

dependent refractive index of Teflon is measured.VC 2015 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4908059]

In recent years, terahertz technologies have gained great

interest, due to their huge potential in fundamental research

and industrial applications including nondestructive testing,

biomedical diagnostics, security screening, and pollutant moni-

toring.1–3 A multitude of competing techniques for the genera-

tion and detection of terahertz radiation have been developed,

ranging from electronic4,5 and optoelectronic6,7 to fully optical

schemes.8–10 One of the most promising approaches involves

optoelectronic terahertz generation with the help of photocon-

ductive antennas (PCAs): Photoconductive switches allow for

the generation of broadband terahertz pulses, with applications

in time domain spectroscopy,11 whereas so-called photomixers

translate the beat signal of two lasers into continuous-wave

(CW) terahertz radiation, with the perspective for high-

resolution finger-print spectroscopy.12,13 Advantages of the lat-

ter technique include robustness, phase sensitivity, and a good

signal-to-noise ratio, which makes it an ideal option for many

scientific and industrial tasks.14 Promising progress towards

improving the compactness of terahertz sources has been

achieved by combining the terahertz source (transmitter) and

detector (receiver) into one device as realized for example, by

quantum cascade laser self-mixing.15 Very recently, a similar

approach for the generation and detection of broadband tera-

hertz pulses has been reported involving a setup that includes a

femtosecond laser and a photoconductive switch.16

In this paper, we demonstrate a terahertz spectroscopy

concept by combining both CW-terahertz radiation genera-

tion and phase-sensitive detection in one PCA, which results

in a significantly reduced complexity and cost of the tera-

hertz spectroscopy setup.

The compact experimental set-up is depicted schemati-

cally in Fig. 1. Two multiplexed tunable external-cavity diode

lasers (ECDLs) emit at wavelengths around 794 nm. Both

ECDLs provide an optical output power of approximately

80mW and possess a spectral line width smaller then 1MHz.

The two laser beams are coupled into one polarization-

maintaining single-mode fiber (PMF). The resulting optical

beat signal impinges on a fiber-coupled PCA (FC-

PCA)(GaAs-based photomixer, model EK-000831,

TOPTICA Photonics). The FC-PCA features an interdigitated

finger structure and a logarithmic spiral antenna with three

turns, which emits the terahertz radiation at the difference fre-

quency of the two lasers. A hyperhemispherical silicon lens

(SiL) focuses the terahertz beam approximately 40mm behind

the PCA, with an beam waist w0 of around 2.5mm (for 0.3

THz). The PCA is electrically connected to a 9V battery that

provides a constant bias voltage. A revolving chopper wheel

(RCW)(Scitec Instruments Inc.) mounted on a linear transla-

tion stage (ESP300, Newport Inc.) is placed within the

Rayleigh length of the terahertz radiation, which we estimate

to about 20mm for a terahertz-wave frequency of 0.3 THz. Its

surface generates a back-reflection that is modulated at a

chopping frequency up to 2.6 kHz. The chosen chopper wheel

FIG. 1. Schematic of the experimental set-up. PMF, polarization-

maintaining single-mode fiber; FC-PCA, fiber-coupled photoconductive

antenna; SiL, silicon lens; RCW, revolving chopper wheel; TIA, transimpe-

dance amplifier; LIA, lock-in amplifier, OSC—digital oscilloscope.
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aperture allows to minimize diffraction limiting effects.17 Via

the translation stage, the phase between the laser beat signal

and the back-reflected terahertz radiation is varied. The back-

reflection gives rise to an AC photocurrent in the FC-PCA.

This current signal is electrically amplified by a transimpe-

dance amplifier (TIA) (DLPCA-200, FEMTO), which sepa-

rates AC and DC current contributions and amplifies the

alternating current by a factor of 105V/A. The output signal

of the TIA and the electrical reference frequency of the chop-

per wheel are fed to a lock-in amplifier (LIA) and the resulting

amplitude and phase signals are monitored on a digital

two-channel oscilloscope (Tektronix TDS3022). A phase-

dependent homodyne self-mixing (HSM) signal, which is pro-

portional to the electric field of the back-reflected terahertz

wave, is obtained by a multiplication of the measured ampli-

tude and the cosine of the phase. The two lasers emit at wave-

lengths of 795.93 nm and 797.07 nm, corresponding to a

frequency (wavelength) of the generated terahertz radiation of

0.539 THz (556lm). The experimentally obtained HSM sig-

nal is depicted in Fig. 2 as a function of the spatial displace-

ment of the RCW, which is translated over 1.2mm with a

constant velocity of 40lm/s. A sinusoidal signal with a perio-

dicity of half of the terahertz wavelength is evident, since the

optical delay of the terahertz wave corresponds to twice the

RCW displacement. Fitting a sine function to the data yields a

period of 275lm, which is in good agreement with the value

of 278lm as expected from the wavelengths of the two lasers.

The detected HSM signal originates from interference gener-

ated by a nonlinear product of the back-reflected terahertz

wave and the time-dependent conductance of the PCA.

In the following, we model this effect and calculate the

time-dependent total current I(t) in the PCA as the product of

the induced terahertz voltage V(t) and electrical conductance

G(t). The time-varying conductance G(t) is modulated at the

beat frequency of the two lasers

GðtÞ ¼ GDark þ GTHz � ð1þ sinðxtÞÞ; (1)

where GDark is the conductance without any laser radiation

impinging on the PCA, x is the frequency of the beat signal,

and GTHz is the conductance proportional to the total average

laser power. Besides the constant voltage bias V0 applied to

the PCA, we consider a time- and terahertz phase-dependent

voltage VFB(t), induced by the back-reflected terahertz radia-

tion. Considering the voltage VFB(t) with its proportionality

factor VFB0, we obtain the following expression for the total

current:

I t;/ð Þ ¼ G tð Þ � V tð Þ ¼ G tð Þ � V0 þ VFB0 sin xtþ /ð Þð Þ
¼ GDarkV0 þ GTHzV0 þ GTHzV0 sin xtð Þ
�VFB0GTHz

2
cos 2xtþ /ð Þ þ G0VFB0 sin xtþ /ð Þ

þVFB0GTHz

2
cos /ð Þ: (2)

The mean value of this current on time scales much lon-

ger than the period of the terahertz wave is then given by

hI t;/ð Þit�TTHz
¼ GDarkV0 þ GTHzV0 þ VFBGTHz

2
cos /ð Þ: (3)

The last term in Eq. (3) provides information on the path

length travelled by the terahertz wave to the RCW and back,

since /¼ 2ks, where k is the wave number of the terahertz

field and s is the displacement of the RCW. The upper part of

Fig. 3 depicts the total instantaneous PCA current in the time-

domain for a back-reflected wave of 0.539 THz, calculated

from Eq. (2) with typical values of 0.04lS, 1lS, and 1mV

for GDark, GTHz, and VFB, respectively, and omitting the DC

contribution of V0. Here, the total current clearly exhibits a

non-vanishing mean value on time scales much longer than

the terahertz period, caused by the nonlinear product in Eq.

(2). Furthermore, with increasing displacements, a decreasing

mean current is found, which is indicated by a decreasing

minimum towards higher displacements depicted in the top of

Fig. 3. The calculated mean current within the PCA over a

displacement from 0 to 1.2mm and for a back-reflected wave

with frequency of 0.539 THz exhibits a sinusoidal shape with

a period of k=2, which is depicted in the bottom part of Fig. 3.

In order to exploit the phase-sensitivity of the presented

HSM method and thus to validate the proposed method, we

will now describe a measurement of the refractive index of

Teflon. Teflon samples of different thickness are placed

between the PCA and the RCW as indicated in Fig. 1. The

laser wavelengths are tuned to 797.08 nm and 797.44 nm

FIG. 2. (Solid, blue) Measured HSM signal versus displacement z of the

reflecting RCW. (Dashed, red) Curve fitting of the measured data by a sine

function.

FIG. 3. Simulations of the photocurrent induced in the PCA by a back-

reflected 0.539 THz wave. (Top) Calculated PCA current for a RCW dis-

placement of 0, 5, 10, 15, and 20lm, neglecting the contribution of the

constant bias voltage V0. (Bottom) Calculated mean PCA current versus

RCW displacement, on time scales much longer than the terahertz period.

061111-2 Mohr et al. Appl. Phys. Lett. 106, 061111 (2015)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:  130.83.3.168

On: Wed, 25 Feb 2015 17:58:03



resulting in a terahertz frequency of 0.17 THz, thus, a

periodicity of the HSM signal of 898 lm is expected.

For each sample, the HSM signal is recorded over a

total linear translation of the RCW of 1.6mm, with each

scan starting from the same position. The experimental

results are plotted in Fig. 4 for selected Teflon samples

of thickness d1¼ 1.1mm (a), d2¼ 9.8mm (b), d3¼ 10.85

(c) and for a reference measurement without Teflon sam-

ple (d). All of the traces show the expected sinusoidal

shape of the HSM signal with a periodicity of 900.5 lm.

The phase of the HSM signals varies with the sample

thickness which can be explained by the different optical

path lengths of the terahertz wave within the sample. In

fact, the total terahertz path consists of 3 contributions: the

base displacement of the RCW (s0), the path travelled through
the linear translation stage (z), and the additional optical path

length by the Teflon sample (d� (n – 1)).
To retrieve the refractive index of Teflon at 0.17 THz,

we fit the following set of equations to the data:

I z; dið Þ ¼ I0 dið Þ

� cos
4p
k

s0 þ zþ di þ Dd dið Þð Þ� nTef lon � 1ð Þ� �� �
:

(4)

Here, I0 denotes the amplitude of the HSM signal, k
the terahertz wavelength, d the geometric thickness of

the Teflon sample measured with a caliper, Dd a correc-

tion factor considering a possible uncertainty of this

thickness measurement and nTeflon the real part of the re-

fractive index of Teflon. The result of the curve fitting

is plotted in Fig. 4 together with the experimental data.

A good qualitative agreement between modeling results

and experiment is obtained for the individual Teflon

samples. A summary of the evaluated parameters is

given in Table I. The curve fitting yields a terahertz

wavelength of 1807 lm. Although the obtained value of

Dd1 is surprisingly high, which could be attributed to

possible deviations of the ideally plane sample surface or

deposits on the surface, the value of the achieved tera-

hertz wavelength agrees within 0.6% with the calculated

wavelength of 1796 lm, which is derived from measure-

ments of the optical spectra of the two lasers.

Furthermore, the measured refractive index of Teflon

amounts to 1.41 at 0.17 THz, which is very close to the

literature value of 1.44.18

In conclusion, we have demonstrated an experimen-

tal method for the generation and detection of CW-

terahertz radiation utilizing only one PCA. The PCA

simultaneously acts as transmitter and receiver for

continuous-wave terahertz radiation which is reflected

off a rotating chopper wheel. We have determined the

refractive index of Teflon. This terahertz spectroscopic

setup infers a cost reduction and relaxes the demand on

high laser power as only one PCA is needed. The pro-

posed method lends itself to the realization of compact

terahertz assemblies and may find industrial usage e.g.,

for measurements of the thickness or refractive index of

polymer components.
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