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1. Introduction

The use of a single terahertz (THz) quantum cascade laser (QCL) device &sniiteéh and detector in a self-
mixing (SM) scheme allows for the development of fast, sensitivecamgbact coherent systems for imaging and
interferometry. Due to the continuous wave nature of SM experimemsgchanical chopper is commonly used to
enable lock-in detection [1,2However, this imposes an upper limit (~200Hz) on the modulation freguamich

is far below the ~10100 GHz optical feedback response bandwidth of the QCL. We overcomgottieneck
using electrical modulation schemes for two- (2D) and threerdiioeal (3D) imaging. Furthermore, by applying a
saw-tooth modulation we demonstrate a swept-frequency self-delayedijroenscheme for coherent 3D imaging
without the need for longitudinal displacement of the sample. Usingséme scheme we also demonstrate
measurement of the current tuning coefficient of the QCL.

2. Methodology and results

The experimental setup employing mechanical modulation has been destsighere [3]. In this case the QCL
was driven using a DC current just above threshafil (Where the laser is most sensitive to feedback. The electrical
modulation technique described here used a DC driving current just hglawtH a square wave modulation used
to drive the QCL abovey| thereby modulating the SM signal. This technique not only redheesumber of
optical components but the modulation frequency is no longer mechadicatgd, enabling faster acquisition.

By comparing images taken using mechanical and electrical modulati®® &2we have found comparable
image clarity with similar figures of merit K [3] under equivalent meaxsient conditions. Specifically, with 50 ms
integration per pixel, we obtained K = 140 and 155 for mechanical andakaotodulation schemes, respectively
With the electrical modulation frequency increased to B2 B comparable value K = 140 was obtained (see
Fig. 1a). For this higher modulation frequency it was also possilidecrease the acquisition time per pixel by a
factor of tenlimited only by the acquisition hardware, with only a modest degradatiomaige quality (K = 95).
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Fig. 1. (a) A scalpel blade imaged using the eledtnieadulation scheme at 60 kHz with a 50 ms time constdr& discolouration on the right is
the mounting point for the scalpel. (b) Using a 5ms tiorestant, the SNR was measured for varying modulationdmcjes. The effect of high
frequency modulation can also be observed on thelgigmeer. Raw data is shown with smoothed lines fitteguide the eye.

To further characterise this modulation scheme we performed a $ttiysignalto-noise ratio (SNR) of the
SM signal for varying modulation frequencies and lock-in time cotsstals shown in Fig. 1b, with increasing
modulation frequency an improvement in SNR is observed dueettuation of 1/f noise. At high frequencies the
SNR degrades due to the modulation frequency limit of the laser drivengitthwve anticipate the modulation
frequency could be increased far beyond this range, in principle.



This electrical modulation scheme has also been applied to coherent 3D imdgilmgtfds case the sample was
raster-scanned in two dimensions, but also scanned longitudinally apigethwith the resulting SM waveform
being recorded. The phase of the resultant interference pattern wae #wrelsted by Fourier transform to resolve
the sample depth at each pixel. Comparable 3D images and depth profddmdraobtained using both electrical
and mechanical modulation techniques (see Fig. 2).
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Fig. 2. Depth profile of a GaAs wafer comprising theteps of height 10um formed by wet chemical etchingpidfdes were extracted using
electrical (red) and mechanical (blue) modulatiommégues showing comparable results.

Finally, we report a swept-frequency self-delayed homodyne scheougkthuse of saw-tooth electrical modulation,
which has the effect of sweeping the laser system through @& sempound cavity resonances. In this manner
coherent imaging habeen performed without mechanical modulation or longitudinal scanninghefsample,
thereby removing these bottlenecks to the acquisition rate of the sydgntaking a Fourier transform of the
resulting SM signals on a pixbl-pixel basis, both amplitude-like and phase-like images of samplesblean
obtained. For this 3D image reconstruction process, the current tuning coeffidigmt QCL is required. To this
end, we have developed a technique based on mechanically stepping the ocgtitgnentracking the phase of the
SM fringes. By relating these quantities, the tuning coefficient ®f Q€L can be obtained (see Fig. 3). We
obtained a value of -5.4MHz/mA, in agreement with previously publishkes [5].
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Fig. 3. The current tuning coefficient of the QChmextracted by mechanically stepping the cavity leagthtracking the resultant SM fringes
4. Summary

The operation of electrical modulation techniques for SM imaging and interfeyomastbeen demonstrated
resulting in reduced experimental complexity, faster imaging rates gmdved noise figures. A swept-frequency
self-delayed homodyne scheme has been demonstrated for coherent B emalgneasurement of the current
tuning coefficient of QCLs.
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