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Abstract — We demonstrate a method to stabilize the output
power of a ~3.3-THz quantum-cascade laser (QCL) using a
photonic integrated circuit, consisting of a racetrack resonator
(RTR) coupled to a QCL ridge waveguide. Amplitude stabilization
was achieved for >300 seconds, without perturbation to the
emission spectrum, by dynamically adjusting the electrical bias to
the RTR, and hence the coupling between the QCL and RTR.

I. INTRODUCTION

ERAHERTZ-frequency quantum-cascade lasers (THz

QCLs) are compact, electrically efficient, yet powerful

semiconductor sources of narrowband radiation in the ~2—
5-THz range [1]. These properties make them attractive for use
in a range of sensing and imaging applications. One such
example is their use as THz local oscillators (THz-LO) for
atmospheric or deep-space radiometry [2], [3]. However, these
measurements require long integration times, and therefore a
stable THz source power is required to achieve a high signal to
noise ratio. The output power of QCLs is susceptible to drifts in
the thermal and mechanical environment, optical feedback,
spontaneous quantum noise, and instability in the driving
electronics.

To date, amplitude stabilization has required the use of
external modulation elements (e.g., mechanical actuators,
graphene modulators, or external laser sources), resulting in an
increase in system size and complexity [4]-[6]. In this work, we
demonstrate a fully integrated approach, based on a photonic
integrated circuit (PIC) structure consisting of a lossy racetrack
resonator (RTR) [7], coupled with a 3.3-THz QCL ridge
waveguide. By varying the electrical bias on the RTR, the
optical resonances, and hence the coupling between the QCL
and RTR can be adjusted. The net gain in the THz field can
therefore be adjusted dynamically, resulting in THz amplitude
modulation.

II. RESULTS

The device consists of a ~3.3-THz QCL active region, grown
epitaxially on a GaAs substrate. The gain medium was
processed into a PIC structure (Fig. 1), consisting of a 4-mm-
long gold—gold QCL ridge waveguide, adjacent to an RTR
element. The two sections of the device were electrically
isolated, but optically coupled, via a 2.5-pm air gap. Gold wire-
bonds were attached to each section of the device, enabling
independent biasing of the QCL and RTR.

The device was operated inside a Janis ST-100 helium
cryostat, with the temperature stabilized at 40 K. The QCL was

driven in continuous-wave mode at its peak emission power,
using a d.c. power supply, and the emitted THz beam was
modulated using an optical chopper. The output power was
detected using a silicon bolometer, with the magnitude
determined using a lock-in amplifier referenced to the chopper
frequency.

Fig. 1. QCL/RTR integrated circuit mounted on the cold-finger of a Janis ST-
100 liquid-helium cryostat

The emission spectrum of the device was obtained using a
Bruker IFS/66  Fourier-Transform  Infrared  (FTIR)
spectrometer, as shown in Fig. 2, as the bias to the RTR
modulator element was adjusted. In all cases, four identical
principal modes were observed at ~3.277, 3.285, 3.372, and
3.392 THz. However, the output power was reduced as a
function of RTR bias. This demonstrates that the output power
can be controlled independently from the laser emission
frequency.

An amplitude stabilization system was developed by using a
proportional—integral (PI) controller to lock the magnitude of
the QCL power from the lock-in amplifier to a predetermined
reference level. The control output from the PI controller was
used to adjust the bias current on the RTR modulator. The long-
term drift in output power was successfully stabilized over a
>300-second period, as shown in Fig.3, with a drift reduction to
around 0.1%.
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Fig. 2. Emission spectra of the QCL/modulator device obtained using a Fourier
Transform Infrared spectrometer with the QCL at a fixed bias 0f 9.71 V and the
ring-modulator driven at a range of currents.
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Fig. 3. (a)Free-running QCL output power with respected to time, detected by
the lock-in amplifier. (b) QCL output amplitude stabilized with respect to time.

III. SUMMARY

Amplitude stabilization of a THz QCL using an integrated
photonic controller was successfully demonstrated. This
approach eliminated the need for external THz optical
modulators.

Output power was controlled through the modulator driving
current in order to confine the THz field. A long integration
power-lock of >300 seconds was achieved which is suitable for
THz LO. This work could play a vital role in improving the
performance of high-resolution spectroscopic systems useful in
satellite integration for detecting gas species in the atmosphere.

ACKNOWLEDGMENTS

This work was supported financially by the UK Space
Agency (Centre for Earth Observation Instrumentation Fast-
Track Project NSTP3-FT2-002) and UKRI Future Leaders
Fellowship (MR/S016929/1). For the purpose of open access,
the authors have applied a Creative Commons Attribution (CC
BY) license to any Author Accepted Manuscript version arising

from this submission.

DATA AVAILABILITY

The data associated with this paper are openly available from
the University of Leeds Data Repository
http://doi.org/10.5518/1319.

AUTHOR DECLARATIONS

Conflict of interest
The authors have no conflicts to disclose.

Author contributions

S. S. Kondawar: writing — original draft preparation;
investigation (lead); methodology (equal). N. K. North:
investigation (supporting). Y. Han: investigation (supporting);
D. Pardo: investigation (supporting). N. Brewster: investigation
(supporting). M.  Salih:  investigation (supporting).
M. D. Horbury: investigation (supporting). L. H. Li:
investigation (supporting). P. Dean: supervision (supporting).
B. N. Ellison: methodology (equal); supervision (equal);
funding acquisition (supporting); conceptualization
(supporting). I. Kundu: conceptualization (equal); methodology
(equal); funding acquisition (supporting). A. Valavanis:
conceptualization (equal); supervision (lead); methodology
(lead); funding acquisition (lead); writing — reviewing &
editing (lead).

REFERENCES

[11 R.Kohler et al., ‘Terahertz semiconductor-heterostructure laser’, Nature,
vol. 417, no. 6885, pp. 156-159, May 2002, doi: 10.1038/417156a.

[2] G. Beig et al., ‘Review of mesospheric temperature trends’, Rev.
Geophys., vol. 41, no. 4, 2003, doi: 10.1029/2002RG000121.

[3] H.Richter, M. Wienold, L. Schrottke, K. Biermann, H. T. Grahn, and H.-
W. Hubers, ‘4.7-THz Local Oscillator for the GREAT Heterodyne
Spectrometer on SOFIA’, IEEE Trans. Terahertz Sci. Technol., vol. 5,
no. 4, pp. 539-545, Jul. 2015, doi: 10.1109/TTHZ.2015.2442155.

[4] Y. Ren ef al., ‘Frequency and amplitude stabilized terahertz quantum
cascade laser as local oscillator’, Appl. Phys. Lett., vol. 101, no. 10, p.
101111, Sep. 2012, doi: 10.1063/1.4751247.

[5] B. Wei et al., ‘Amplitude stabilization and active control of a terahertz
quantum cascade laser with a graphene loaded split-ring-resonator array’,
Appl. Phys. Lett., vol. 112, no. 20, p. 201102, May 2018, doi:
10.1063/1.5027687.

[6] T. Alam et al, ‘Frequency and power stabilization of a terahertz
quantum-cascade laser using near-infrared optical excitation’, Opt.
Express, vol. 27, no. 25, pp. 36846-36854, Dec. 2019, doi:
10.1364/0E.27.036846.

[71 L Kundu, J. R. Freeman, P. Dean, L. H. Li, E. H. Linfield, and A. G.
Davies, ‘Terahertz photonic integrated circuit for frequency tuning and
power modulation’, Opt. Express, vol. 28, no. 4, pp. 4374-4386, Feb.
2020, doi: 10.1364/0OE.380656.



