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Generation and detection of terahertz radiation at 1560 nm based on low-temperature grown GaAs

photoconductive antennas are demonstrated. The dependence of the DC photo current and terahertz

peak amplitude on the illumination power are measured and found to follow a superlinear power

law proposed for sequential charge carrier excitation via midgap states. A terahertz time domain

spectroscopy system employing low-temperature grown GaAs photoconductive antennas pumped

at 1560 nm reaches a bandwidth of 4.5 THz and a peak signal to noise ratio of 29 dB, while

the reference measurement at 780 nm reaches 40 dB and a bandwidth of approximately 3 THz.
VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4813605]

Terahertz time domain spectroscopy (THz-TDS) has

become a standard measurement technique in the last few

years. THz-TDS systems also have become commercially

available,1 enabling usage in industrial applications. Low-

temperature grown GaAs (LTG GaAs) is currently a

standard material for photoconductive antennas (PCAs) in

experimental and commercial systems. Due to its bandgap

of 1.43 eV, Ti:sapphire or frequency-doubled Er-doped fiber

lasers are used to excite PCAs. To improve robustness by

further fiber integration and to reduce cost of commercial

systems, it is desirable to use Er-doped fiber lasers at their

fundamental wavelength, removing the need for frequency

doubling and enabling the usage of standard C-band fiber

components as well as fully fiber-based dispersion manage-

ment in fiber-connected systems. To achieve this, THz emit-

ters and detectors which can be driven at 1560 nm are

needed. There have been several proposals for generating

or detecting THz radiation using 1560 nm laser pulses,

including surface emitters,2–4 diethylaminosulfur trifluoride

(DAST),5 PCAs based on Fe-implanted6 or Fe-doped7

InGaAs or InGaAs/InAlAs mesa structures.8 For fiber-

coupled systems, photoconductive switches have been

shown to be the most reliable and integrable option. Though

InGaAs can be used, it suffers from high dark current, high

sensitivity to electrostatic discharge (ESD)-induced damage

and complicated fabrication processes. Sub-bandgap excita-

tion of LTG GaAs at 1560 nm for THz applications has been

demonstrated, but satisfactory results so far came from

hybrid systems exciting one PCA at 780 nm and one PCA at

1560 nm.9 Besides reviewing hybrid excitation, we demon-

strate usability of LTG GaAs PCAs excited solely at

1560 nm, reaching a bandwidth and dynamic range compa-

rable to 780 nm based systems.

After a description of our experimental setup, we exam-

ine in the first part of the paper the excitation mechanism

that permits efficient THz generation and detection at sub-

bandgap wavelengths in LTG GaAs. To this end, we analyze

our results concerning LTG GaAs transmittance as well as

DC photo current and THz peak amplitude in case of illumi-

nation of one PCA at 1560 nm. After this, we discuss the

THz spectra obtained using either one or both PCAs at

1560 nm.

To measure both jphðtÞ and ETHzðtÞ, we use a THz-TDS

system. Our experiment uses an Er-doped fiber laser at

1560 nm producing 70 fs pulses with 220 mW average power

and 80 MHz repetition rate. The pulse width is measured via

interferometric autocorrelation, revealing at least two side

lobes beside the main pulse (not shown). Either half or all of

the laser power may be directed into an SHG module result-

ing in 130 fs pulses of 14.4 mW or 47.2 mW average power

at 780 nm. Alternatively, a second mode-locked Er-doped

fiber laser at 1560 nm which supplies 55 fs pulses at an aver-

age power of 110 mW and a repetition rate of 100 MHz may

be used. Besides the shorter pulse width, this laser shows

only one small side lobe (not shown). As this laser is not

equipped with an SHG unit, it is used only for excitation of

both PCAs at 1560 nm. The laser pulses are focussed onto a

photoconductive antenna, generating THz radiation, which is

collimated by a Si lens and an off-axis parabolic mirror. The

THz radiation is again focussed by an off-axis parabolic

mirror and a Si lens onto a second PCA used as detector. In

our setup, both PCAs may be driven by 780 nm or 1560 nm

in any combination. The PCAs used consist of a 400 lm SI

GaAs substrate and a 2 lm epitaxial LTG GaAs layer. Onto

this layer, a 500 nm Au layer is structured as a 20 lm dipole

antenna with a 5 lm gap. The emitter is biased at 30 V and

the polarity of the bias voltage is switched at about 4 kHz.

The photo current at the detector is measured via a lock-in

amplifier using 30 ms integration time. Purging the THz

beam path with dry air avoids distortions of the spectrum by

water lines. For light intensity transmission measurements,

the beam is focussed to an area of a PCA without metalliza-

tion and a power meter is placed directly behind the substrate

surface.

0003-6951/2013/103(2)/021119/4/$30.00 VC 2013 AIP Publishing LLC103, 021119-1

APPLIED PHYSICS LETTERS 103, 021119 (2013)

Downloaded 31 Jul 2013 to 153.96.204.21. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1063/1.4813605
http://dx.doi.org/10.1063/1.4813605
http://dx.doi.org/10.1063/1.4813605
http://dx.doi.org/10.1063/1.4813605
http://dx.doi.org/10.1063/1.4813605
http://dx.doi.org/10.1063/1.4813605
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4813605&domain=pdf&date_stamp=2013-07-12


For all but the highest excitation powers, the experimen-

tal parameters of this work are in the unsaturated regime. For

the qualitative analysis of the excitation process in LTG

GaAs under sub-bandgap illumination at 1560 nm, we thus

apply the instructive quasi-analytical model of Duvillaret

et al.10 for photoconductive antennas which simplifies the

well-known Drude-Lorentz model.11 The former entails a

direct proportionality between the emitter photo current,

respectively, the emitted THz field, and both the average

illumination power and bias field present at the emitter

jem
ph ðtÞ;Eem

THzðtÞ / Pem
0 Eem

bias : (1)

On the detector side, the average laser power enters the equa-

tion as an additional factor, so that the recorded THz field

exhibits a proportionality

jdet
ph ðtÞ;Edet

THzðtÞ / Pdet
0 Pem

0 Eem
bias : (2)

This relation is based on the assumption that the excited

charge carrier density in emitter and detector for photon

energies above the bandgap is directly proportional to the

laser power. In case of below bandgap excitation, this has to

be reconsidered. For excitation of LTG GaAs at 1560 nm,

several charge carrier generation mechanisms have been pro-

posed: The data of Erlig et al.12 suggested two-photon

absorption (TPA), while Tani et al.13 attributed the photo-

conductivity mainly to a two-step, sequential excitation of

electrons via the midgap defect states. For two-photon

absorption, the charge carrier density scales quadratically

with the excitation power, hence photo current and THz field

are accordingly expected to show a quadratic dependence on

illumination power.

A first argument against a significant contribution of

TPA to the photoconductivity of LTG GaAs at 1560 nm

comes from an estimate of the maximum absorbed light in-

tensity. The transmitted intensity in the case of TPA is

ItransðdÞ /
I0

1þ bdI0

; (3)

where I0 is the incident intensity, b is the TPA coefficient,

and d is the thickness of the absorbing medium. An upper

limit for d is 2 lm, the thickness of the LTG GaAs epilayers

of our samples. Since we use photoconductive dipole anten-

nas with 5 lm gap length, a circular area of this diameter

enters the calculation of the intensity from the incident aver-

age power. The peak power per pulse can be estimated for

our lasers to be approximately 120� 103 � P0, with P0

being the average power in watts. The TPA coefficient b at

1560 nm, according to reference values for GaAs, lies

between 5 and 7.5 cm/GW.14,15 With these values and tak-

ing into account 30% surface reflection, only 0.06% of the

laser power in the LTG GaAs layer will be absorbed by

TPA for 1 mW incident power. For 50 and 100 mW, this

increases to not more than 3.11%, respectively, 6.03%. Our

measured transmission data indicate that this estimate is

even exaggerating the real TPA contribution (see Fig. 1),

since we record a transmission of 75% at all laser powers.

This point to intensity-independent, Lambert-Beer-like

absorption as dominating mechanism. Pan gave an absorp-

tion coefficient of 1:6� 103 cm�1 at 1550 nm,16 which

would result, taking into account the first multiple reflection

in the sample, in a transmission of 76%, an excellent match

to our data.

The photo current of one of our antennas for illumina-

tion with 1560 nm at 30 V DC bias is shown in Fig. 2. Our

results as well as those of other groups9,13 exhibit superlin-

ear, but sub-quadratic power dependence, which can be

approximated very well for medium powers with a simple

power-law fit where jphðtÞ is proportional to Pa
0 with

1 < a < 2. Such behavior of the photo current emerges from

the intensity dependence of charge carrier densities derived

from rate equation models for the case of two-step excita-

tion. As saturation in LTG GaAs excited at energies above

the bandgap only occurs at higher photo currents than

reached here, the saturation behavior visible in Fig. 2 for

high laser powers is not expected for two-photon absorption,

while it may be explained in case of a two-step process.

Even the quadratic photo current-power relation of Ref.

12 does not necessarily contradict midgap state-mediated

absorption: Both our data and that of Ref. 13 show a strong

increase at lower powers that flattens to a more linear growth

FIG. 1. Transmission of LTG GaAs at 1560 nm, fit with Ptrans ¼ a ð1� RÞ2
P0, a¼ 0.752, R¼ 0.3.

FIG. 2. Photo current-power dependence at 1560 nm, inset: low powers with

P1:35 fit.
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at medium powers, a behavior that is reflected in the results

from the rate equation models. The numerical values for

these regimes naturally differ, as the data sets are not nor-

malized to the same light intensity, so that the power values

are not directly comparable. The qualitative appearance,

however, is very similar. If the data of Ref. 12 had been

taken at low illumination intensities, a more or less quadratic

photo current-power dependence could emerge which hints

at TPA. Since that data come from a stripline sample with a

much wider electrode spacing than that of the photoconduc-

tive antennas of Ref. 13 and this study, the assumption of a

low-intensity regime is plausible. In this way, the quadratic

growth scenario of TPA which we expect to play a role only

at very high illumination intensities can be mimicked in the

opposite intensity realm.

According to Ref. 10, the emitted and detected THz field

amplitude should display the same power dependence as the

photo current (see Eqs. (1) and (2)). We investigate the tera-

hertz peak amplitude by using the THz-TDS setup described

above. In the first experiment, the detector is driven at

1560 nm at different laser power levels. In this case, the emitter

is excited using 780 nm. Figure 3 shows the expected power

law dependence on the laser power for small powers. The line

in the inset depicts the data and a fit for Epeak
THz ðtÞ / P1:35

matching the data reasonably well. For high powers, a slight

saturation is visible. It occurs at higher powers than in the

photo current case, as the focussing, and therefore the power

density inside the gap is not as tight in this case.

In order to measure the dependence of the emitted

electric field on the laser power level, the detector was

used at 780 nm while the emitter was illuminated at

1560 nm at different power levels and the terahertz peak

amplitude was measured. As implied previously, the same

power law as before is expected in this case. This may be

seen in Fig. 4. Again, the inset shows data at low powers

and a P1:35 fit.

After verifying that LTG GaAs excited at 1560 nm can

be used as a detector as well as an emitter, we evaluate the

performance of our system for all combinations of 780 nm

and 1560 nm excitation, as well as excitation using the sec-

ond laser supplying shorter and more side lobe-free pulses.

As can be seen in Fig. 5, the system reaches a dynamic range

of nearly 40 dB and a bandwidth over 3 THz when driven at

780 nm. If either the emitter or the detector is driven at

1560 nm instead of 780 nm, dynamic range and bandwidth

degrade, but still remain above 25 dB and 2.5 THz. In case

only the detector is driven at 1560 nm, the signal loss is

FIG. 3. THz peak power dependence in case of detector at 1560 nm/emitter

at 780 nm, inset: low powers with P1:35 fit.

FIG. 4. THz peak power dependence in case of detector at 780 nm/emitter at

1560 nm, inset: low powers with P1:35 fit.

FIG. 5. THz spectra, (a)-(d) with first laser (70 fs, two side lobes); (a) emitter

at 780 nm, detector at 780 nm; (b) emitter at 780 nm, detector at 1560 nm;

(c) emitter at 1560 nm, detector at 780 nm; (d) emitter at 1560 nm, detector

at 1560 nm; (e) both PCAs excited with second laser (55 fs); upper (red)

curves: THz spectral amplitude, lower (blue) curves: noise level.
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about 10 dB, as reported in Ref. 13. As expected from these

results, the dynamic range drops further to about 21 dB if

both PCAs are excited at 1560 nm, causing a decrease of the

bandwidth to 2 THz. The measurement depicted in Fig. 5(d)

is repeated with the second laser, shown in Fig. 5(e). As the

second laser supplies 55 fs pulses with only one small side

lobe in contrast to 70 fs with multiple side lobes, a shorter

photo current pulse, and therefore a higher bandwidth is

measured. The spectrum retrieved with this setup even

exceeded the bandwidth of the previous setup using above

bandgap excitation, reaching a bandwidth of nearly 4.5 THz

and a dynamic range of 29 dB.

In summary, we have demonstrated that LTG GaAs-

based PCAs excited at 1560 nm may be used as THz emitters

and detectors. The measured power dependence implies that

the main charge carrier generation mechanism is indeed two-

step excitation via midgap states instead of two-photon

absorption. We achieved a bandwidth and dynamic range

comparable to 780 nm-based systems exciting both PCAs at

1560 nm.

We acknowledge financial support by the EU FP7 pro-

ject DOTNAC (Grant Agreement No. 266320).
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