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A room temperature detector of terahertz laser radiation ellipticity has been developed based on the
simultaneous measurements of three different photoelectric phenomena: circular photogalvanic
effect, linear photogalvanic effect, and photon drag effect. Each of these effects, which have
subnanosecond time constants, is monitored by different detector units stacked together in one
detector. © 2007 American Institute of Physics. 关DOI: 10.1063/1.2775809兴
The detection of the polarization state, in particular, the
ellipticity of transmitted, reflected, or scattered light represents a powerful technique for analyzing the optical anisotropy of various media such as plasmas, gases, solids and
solid surfaces, as well as biological tissues. Illustrative examples are tokamak polarimetry to measure electric and
magnetic fields in ionized gases as well as the plasma density, monitoring and control of material preparation and processing, circular dichroism spectroscopy and optical rotary
dispersion of proteins and molecules, contactless and nondestructive measurements of surfaces and very thin films, and
analysis of gas and aerosol constituents in the Earth’s atmosphere by polarization sensitive optical remote sensing. The
established way to gain information about the polarization
state is the use of optical elements, which allow the determination of the optical path difference. Some tasks need measurement of dynamic ellipticity of polarized light. This time
resolved measurement of ellipticity is so far realized by
transmitting elliptical light through a rapidly rotating analyzing prism in front of a photodetector or by using of a pumpprobe method.
Here, we report on a pure photoelectrical detector system operating at room temperature based on the simultaneous measurement of photocurrents obtained from three unbiased semiconductor detector elements in response to laser
radiation. The first element provides information about the
radiation helicity describing the rotation of the light’s polarization vector by applying the circular photogalvanic effect
共CPGE兲 in quantum wells 共QWs兲.1 In the second, the signal
of the linear photogalvanic effect1 共LPGE兲 in a QW made of
another material allows the determination of the azimuth
angle. The third detector element is a photon drag detector
made of bulk germanium.1 It provides a polarization independent signal which is used to measure the intensity of
radiation, which is needed to calibrate the whole system.
While the principle of ellipticity detection can be applied in
a wide wavelength range, including visible, in this letter we
present the detector for terahertz laser radiation.
The ellipticity detector is sketched in Fig. 1. The first
共U1兲 and the second 共U2兲 detector elements are made of
GaAs QW and SiGe QW structures, respectively, both grown
by molecular beam epitaxy on 共113兲-oriented substrates in
a兲
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order to provide photogalvanic response at normal incidence
of radiation on the samples.1 In the terahertz range these
detector units are practically transparent and therefore, the
units can be mounted one behind the other for illumination
with the same laser beam. The U1 element is a molecular
beam epitaxy 共MBE兲 grown p-GaAs/ Al0.3GaAs0.7 multiple
QW structure containing 20 wells of 10 nm width with free
hole densities of about 2 ⫻ 1011 cm−2 per QW. The U2 element is a MBE grown Si/ Si0.75Ge0.25 / Si single QW of 5 nm
width. The QW structure is one-side boron doped with a free
carrier density in the well of about 8 ⫻ 1011 cm−2. For both
square shaped structures of 5 ⫻ 5 mm2 size, a pair of Ohmic
contacts is centered on opposite sample edges along the
关11̄0兴 crystallographic axis 共see Fig. 1兲. As last element 共U3兲
we use a photon drag detector. It consists of a Ge:Sb cylinder
of 5 mm diameter about 30 mm long with plane parallel end
faces and ring shaped electric contacts at both ends. The
doping level is about 1014 cm−3. The signal voltages are
picked up independently from each detector unit in a closed
circuit configuration across a 50 ⍀ load resistor. Signals are
fed into an amplifier with 20 dB amplification and a rise time
of about 5 ns or directly measured by a digital oscilloscope.
The functionality of the ellipticity detector, its sensitivity, and time resolution are demonstrated using a pulsed terahertz NH3 laser1 which provides 100 ns pulses with a radiation power P of about 100 kW. Several lines of the NH3
laser between  = 76 and 280 m have been applied. We also
use a cw-methanol laser in order to check the detector applicability for detection of the 118.8 m laser line important
for tokamak applications 共see, e.g., Ref. 2兲. Elliptically po-

FIG. 1. Design of the detector of radiation ellipticity. The inset shows an
oscilloscope trace of a signal pulse of  = 148 m obtained by the detector
unit U1.
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electric field of the electromagnetic wave with the electric
field amplitude E0 = 兩E兩 and the unit vector ê points in the
direction of light propagation. The photocurrent given by the
tensor  corresponds to the LPGE which arises due to an
asymmetry of the scattering of free carriers by, e.g., phonons
or static defects. The CPGE described by the pseudotensor ␥
is caused by the transfer of the angular momentum of circularly polarized photons into a directed motion of free carriers. The angular dependences, sin 2 in the element U1 and
sin 4 in the element U2, observed in the experiment, demonstrate that the photocurrent is caused predominately by
CPGE in our GaAs QWs and by LPGE in the present SiGe
structures. The signal obtained by the photon drag detector
unit U3 is independent of the radiation ellipticity and is used
for monitoring radiation power.
From Fig. 2, it follows that simultaneous measurements
of all three signals allows the unambiguous determination of
the radiation ellipticity. Indeed, a pair of signals of U1 and
U2 obtained at an angle  is unique and this pair of voltages
will never be repeated for variation of  between 0- and .
The ratio of the signals of U1 and U2, and even the sign of
this ratio, is different for different angles . By that the angular position of the ellipse 共azimuth兲 can be derived from
the strength of the LPGE 共element U2兲 and its ellipticity
from the helicity dependent CPGE 共element U1兲. Due to
rapid free carrier momentum relaxation at room temperature
the response time of each detector unit is in the order of
picoseconds. The practically achievable time resolution,
however, is RC limited by the design of the electric circuitry
and by the bandwidth of cables and amplifiers. In the investigated wavelength range from 76 to 280 m, we obtained
that the voltage response of the ellipticity detector depends
linearly on the power up to the strongest applied intensities
of about 2 MW/ cm2. Sensitivities of the detector units U1,
U2, and U3 at the wavelength of 148 m are 3.2 mV/ kW
共 = 45° 兲, 1.2 mV/ kW 共 = 22.5° 兲, and 35 mV/ kW, respectively. These values are obtained for 50 ⍀ load resistance
and 20 dB amplifier for the angles  corresponding to the
maximum of the signal. The values of sensitivities are sufficient to detect short terahertz pulses of sources such as optically pumped molecular lasers and free-electron lasers. The
method has also been applied to monitor the ellipticity of cw
terahertz laser radiation by reducing the bandwidth of
detection.
Finally, we would like to point out that the sensitivity of
the described detector can be essentially improved by using a
larger number of QWs. Further increase of sensitivity can be
obtained by applying narrow band materials such as HgTe
QWs in which most recently we observed CPGE signals
more than an order of magnitude larger than that of GaAs
QWs used here3 or in specially designed lateral structured
QWs with enhanced asymmetry. Sensitive terahertz detectors
of the type shown here, besides other applications, can be of
particular interest for the control of current density profiles
which is important for tokamak operation.4–8 We also note
that the CPGE and LPGE are also observed at valence-toconduction band transitions,9–11 at direct intersubband
transitions,1 and in wide band GaN semiconductor
heterojunctions.12 Thus, the applicability of the CPGE/LPGE
detection scheme may well be extended into the visible, the
near-infrared, and in the midinfrared spectral ranges.

where x 储 关11̄0兴, y 储 关332̄兴, E is the complex amplitude of the
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FIG. 2. Photoresponse of the GaAs 共U1, upper panel兲 and SiGe 共U2, lower
panel兲 QWs as a function of the phase angle  defined in the inset. The
voltage response is measured in both structures along the 关11̄0兴 direction
and normalized to the peak signal of each unit. Measurements are presented
for T = 300 K and normal incidence of radiation at  = 148 m. The change
of the azimuth, the shape of the ellipse, and the direction of rotation of the
electric field vector by varying of  are sketched above. This variation of
light ellipticity is obtained by rotation of the  / 4 plate with respect to the
polarization plane of laser radiation 共see inset兲. Full lines are fits by CPGE
共upper panel兲 and LPGE 共lower panel兲 after Eq. 共1兲. Fits are obtained using
only ordinate scaling parameters.

larized light is generated by passing plane polarized light at
normal incidence through a birefringent  / 4 plate made of
crystalline quartz. In order to vary the light ellipticity, we
rotated the  / 4 plate with respect to the polarization plane of
the laser radiation by the angle  between the optical axis of
the  / 4-plate and the direction of the initial polarization. In
that way we obtain by varying  a change of the azimuth, the
shape of the ellipse, and the direction of rotation of the
electric field vector 共see Fig. 2兲. The latter determines
the radiation helicity Pcirc = sin 2 given by Pcirc
= 共兩E+兩2 − 兩E−兩2兲 / 共兩E+兩2 + 兩E−兩2兲, where 兩E+兩 and 兩E−兩 are
the amplitudes of right and left handed circularly polarized
radiation, respectively.
In response to irradiation at normal incidence of the helicity sensitive detector U1, we obtained a voltage signal
which resolves the temporal structure of the laser pulse intensity, as shown in the inset of Fig. 1. Figure 2 shows that
the signal closely follows the radiation helicity which results
in a sin 2 dependence. A signal, also resolving the laser
pulse, has been detected by the second detector unit U2 made
of the SiGe QW structure. In contrast to U1, in this case the
signal varies as a sin 4 and vanishes for circularly polarized
radiation. These angle dependences follow from the phenomenological theory of the photogalvanic effect. For irradiation
at normal incidence of Cs symmetry structures, like in the
present 共113兲-grown QWs, it yields
jx = xxy共ExEy ⴱ + EyEx ⴱ 兲 + ␥xzêzE2 Pcirc
= xxyêzE2 sin 4 + ␥xzêzE2 sin 2 ,
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