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Abstract

We report on significant enhancements to the integration of terahertz (THz) quan-
tum cascade lasers (QCL) and THz detection with a two-dimensional electron gas
(2DEG) within a dilution refrigerator obtained by the inclusion of a multi-mesh
6 THz low-pass filter to block IR radiation, a Winston cone to focus light output,
and gating the 2DEG for optimised sensitivity. We show that these improvements
allow us to obtain a>2.5 times reduced sample electron temperature (160 mK com-
pared with 430 mK previously), during cyclotron resonance (CR) measurements of
a 2DEG under QCL illumination. This opens up a route to performing sub-100 mK
experiments using excitation by THz QCLs.

Keywords Condensed matter - Terahertz - Quantum cascade laser - 2-Dimensional
electron gas - milli-Kelvin - Waveguide

1 Introduction

Condensed matter systems (including topological materials, antiferromagnets, and
semiconductor mesoscopic systems) often have energy scales commensurate with
terahertz (THz) photon energies, or intrinsic timescales in the picosecond range,
commensurate with a THz cycle time. Many of these states and transitions are either
easier to study or can only be observed at very low (<4 K) temperatures [1-5].
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THz frequency quantum cascade lasers (QCLs) are an established source of high
power (mW to W) range THz radiation [6-8], and as such offer great potential for
the excitation of condensed matter systems. Unfortunately, THz QCLs currently
require cryogenic cooling for optimal performance and have limited wall-plug effi-
ciency, thus presenting a high thermal load on low-temperature cryostats, which is
a problem owing to the limited cooling power available at the lowest temperatures
(typically only < 1000 uW 100 mK). Recently, we presented a potential solution
[9] by showing that THz QCLs could be thermally anchored to one of the higher
temperature stages within a pulse tube cooled dilution refrigerator, with a suitable
copper THz waveguide used to collect and transmit the THz radiation emitted from
the QCL into the sample space.

In our previous work we successfully introduced THz radiation into the sample
space of a dilution refrigerator using 6.4 mm-diameter hollow metal waveguides
(HMWG). The HMWG collected radiation from a THz QCL located on the first
stage pulse tube (held at~48 K with~40 W of cooling power) before transmit-
ting this radiation to the sample space with a total loss of —9 dB and upwards of
2.8mW of peak power (which had 250 uW of cooling power at 100 mK) [9]. We
previously estimated that the sample space to MC chamber thermal resistance was
1.87 mKuW™!, so that an increase from the unmodified fridge of 99-206 mK would
be caused by ~60 uW of heating, which is a significant amount of heating for a sam-
ple in a dilution refrigerator.

Our focus previously was on limiting heat conduction through the HMWG walls,
achieved using novel thermal isolators between sections of waveguide, while making
no attempt to limit blackbody radiation along the waveguides from the pulse tube
stage. However, it is important to consider such blackbody radiation, for example,
if we approximate using Stefan-Boltzmann’s law (P,,,.=A,,.£ T
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that the 4.6 mm waveguide opening (A,,=16.6 mm?) as an ideal blackbody
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(Eemissviy=1) at T,,,, =290 K (the temperature of the outer cryostat walls). Then
we can estimate that up to P,,,,=6 mW of 290 K blackbody radiation enters the
HMWG.

In addition to the higher base temperature induced by the thermal loading from
blackbody radiation coupled down the waveguide, power from the THz radiation
introduced into the sample space can also degrade the base temperature. We previ-
ously found by in-situ sample thermometry that the lowest temperature we could
obtain was 430 mK in an exemplar experiment measuring cyclotron resonance (CR)
induced by the QCL in a two-dimensional electron gas (2DEG).

However, the active area of the hall bar structure sample was 80 pm by 720 um
(Area=0.06 mm?) which is small compared with the area of the 4.6 mm HMWG
(16.6 mm?), such that the majority of the THz power leaving the waveguide was dis-
sipated unnecessarily into the sample space. It would be trivial to increase the size
of the active region to capture more THz, but for some condensed matter systems
this is not feasible such as quantum dots and microscale antennas [4, 10]. Increasing
power density in these cases is preferred.

In our previous work we used an ungated 2DEG as a sample and looked at the CR
response as an exemplar physical effect to study. We expect a maximum response
when the CR point lies within a quantum Hall effect (QHE) plateau, and a minimum
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when between plateaux. This is because the Shubnikov—de Haas (SdH) amplitude is
largest between Hall plateaux, which can obscure the CR signal. To maximise the
sensitivity of the 2DEG we need to modify the carrier concentration in order to shift
the position of the SdH peaks away from the expected CR point. This is most easily
achieved by gating the device.

We show here that with better focusing of THz radiation onto the sample active
region and matching of the cross-sectional output of the waveguide to the sample
area, together with a gate-tuning approach to positioning the transitions between
Landau levels in the sample, allows us to obtain the same measurement signal-to-
noise ratio for far lower incident THz powers.

In summary, to achieve lower sample temperatures, we sought: (1) better isola-
tion from blackbody radiation transmitted from the higher temperature stages in the
refrigerator, and; (2) better spatial matching between the waveguide output and the
sample.

2 Setup and Enhancements

As in our previous work a 2.68 THz QCL exploiting a bound-to-continuum [11]
design with a power of 22 mW was fitted into a dry dilution refrigerator (Oxford
Instruments DR200) (Fig. 1a) on the PT1 plate, with the QCL-THz radiation col-
lected and directed by HMWG into the sample space. The QCL mounting block
also securely holds the large 4.6 mm HMWG opening making alignment by eye
trivial. The PT1 stage has 40 W of cooling power at 48 K, the waste heat generated
by the QCL is kept below 2 W as to not advisedly affect the normal operation of
lower cooling stages. HYSOL thermal isolators (Fig. 1b) and compression fittings
(Fig. 1c) were used as thermal breaks and mechanical support, respectively.

The sample space was positioned in the bore of a 12 T superconducting solenoid
magnet. As a consequence there are a long set of copper rods (256 mm) connect-
ing the sample space to the mixing chamber plate which introduces some thermal
resistance between the final cooling stage and the sample. The mixing chamber is
typically at 33mK as compared to the sample which is at 9mK for our original
unmodified fridge. As such, preventing heat leaking into the sample space is impor-
tant given the already large difference in temperature between the two stages.

2.1 QMC Low Pass Filter

To reduce the heating we need a way to prevent warm 290 K radiation from the cry-
ostat inner walls propagating along the HMWG. Limited space, QCL power wires,
alignment and ease of access make covering the entire QCL fixture difficult. Instead
a multi-mesh filter was included utilising a capacitive grid array geometry, with a
low-pass cut-off at 6 THz [12, 13], located inside a compression fitting on the PT2
plate (Fig. 1c). In addition, a Winston cone with a 1 mm-diameter aperture posi-
tioned as close as possible to the sample (Fig. 1d). The PT2 plate was chosen as it
is the coldest stage (3.5 K) that still has significant cooler power (4 W) sufficient to
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Fig. 1 Waveguide system inside the refrigerator with a the THz QCL, b thermal isolators, and ¢ com-
pression fittings. A 6 THz low pass filter was located inside the compression fitting on the PT2 plate.
d A Winston cone was positioned as close as possible to the sample to maximize coupling. RT plate is
room temperature, PT1/2 are the pulse to first and second stages respectively and MC plate is the mixing
chamber

cool the QMC filter. The transmission spectrum of the multi-mesh filter is shown in
Fig. 2, along with a 290 K blackbody spectrum before and after filtering. The filter
transmits ~80% of our QCL radiation at 2.6 THz, while blocking 97% of the inci-
dent blackbody radiation.

The QMC filter was placed inside the compression fitting on the PT2 plate.
Extra space (~1 mm) is added to each compression fitting allowing for thermal
contraction, which is sufficient space to accommodate the 100 um-thick filters.
The filter will also block ~50% of the blackbody radiation from the PT1 plate at
50 K, although at 50 K source produces 1130 times less radiative power than a
290 K source.

With the inclusion of the multi-mesh filter to block blackbody radiation leaking
into the coldest stages we improved the base temperature from our previous lowest
of 209 mK, to 114 mK, which was only 25 mK higher than the base temperature of
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Fig.2 (Black) 6 THz low-pass filter (QMC Instruments) transmission spectrum. (Red) 290 K ideal
blackbody spectrum, from Planck’s Law. (Orange) blackbody radiation after filtering. The QMC filter
blocks an estimated ~97% of IR radiation [12]

99 mK obtained before introduction of the waveguides, implying that roughly ~80%
of the heat leaking to the sample space was blackbody radiation from the room tem-
perature cryostat walls at 290 K. We attribute the remainder as likely to arise from
small residual heat leaks between our thermal HYSOL isolators.

2.2 Winston Cone

To increase the power density at the active region of the sample we need a method
of focusing THz radiation. Several methods exist for focusing including lenses and
exploiting a self-focusing effect beyond straight sections of HMWG [14]. We chose
to place a Winston Cone with an entrance aperture of diameter 4.6 mm (the same as
the HMWG inner diameter), and an exit aperture of diameter 1 mm (0.8 mm? area),
immediately above the sample (Fig. 1d), increasing the power density by around 21
times. For the measurements reported here, the sample active region had an area of
0.06 mm?, to allow for some degree of misalignment. The Winston Cone was regis-
tered to the center of the sample position using a copper bracket, and was vertically
adjusted to be as close as possible to the sample (approximately 1-2 mm) without
risking contact with, or shorting of, the sample bond wires.

2.3 Gated 2-Dimension Electron Gas
Our previous THz detector relied on a 2DEG where the CR response occurs at the

same B field as a peak in resistance from the SdH, reducing the sensitivity of the
device. We then looked to use a 2DEG with an added top gate which would allow us
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Fig.3 a Layer structure of the AlGaAs/GaAs 2DEG grown on a GaAs substrate. A 12 nm-thick NiCr
gate deposited on the top surface of the device was used to modify the carrier concentration. b Hall bar
pattern with the 6 point electrical measurement layout, NiCr gate covers whole device (not shown)

to modify the carrier concentration and SdH oscillation peak positions to be tuned to
maximise the signal-to-noise ratio.

By using a top gated AlGaAs/GaAs 2DEG to detect the THz, the position of
the SdH resistance peaks of our sample could be optimised for detection by tuning
the gate bias for our specific incident QCL frequency (Fig. 3a). The gate was an
11.7+0.5 nm layer of NiCr, a thickness chosen to be continuous but still reasonably
transparent. While we calculate that the gate only transmits 30%, absorbs 20% and
reflects the remaining THz radiation [15], the increase in sensitivity resulting from
being able to tune the carrier concentration was nonetheless significant in allowing
us to achieve the observed lower sample temperatures.

The low-pass filter, the Winston cone and the use of a gated 2DEG thus had the
effect of reducing heat leaks, increasing power density and increasing sensitivity
respectively.

3 Results

In measurements of our 2DEG, the position of the CR can be estimated by measur-
ing the effective mass since we know (from independent Fourier-transform infrared
spectroscopy measurements) the QCL frequency. The electric transport was meas-
ured in a Hall bar geometry with 6 points of electrical constant by applying 100 nA
AC current at 127 Hz, while using 2 lock-in amplifiers to measure the longitudinal
(R4 and transverse (R,,) voltages (Fig. 3b), results of which are shown in Fig. 4.
pT

27°K
AR = 4R06_ﬂTD— where f§ = w

sinh T heB M

The effective mass was measured using a series of temperature and magnetic
field sweeps and then employing the Lifshitz—Kosevich (LK) equation (Eq. 1) [16].
Here AR is the change in resistance, R, is the B=0 resistance, T is temperature, 7,
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Fig.4 R,, and R of the 2DEG at varying gate bias from 0.3 to 0.6 V. By modifying the carrier con-
centration the position of the Hall plateaus and the SdH peak positions can be moved with respect to the
fixed CR point, thus optimising the detection of THz radiation from the QCL
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Fig.5 The second derivative of the longitudinal resistance (R,,) with respect to B at increasing tempera-
tures. (Insert) SdH oscillation amplitudes (at 0.84 T) are plotted against temperature. Using LK equation
(Eq. 1) we obtained an effective mass of 0.073 +0.001 m,

is the Dingle temperature, m, is the effective mass, and the rest are physical con-
stants (Kg, i and e). This gave an effective mass of 0.073+0.001 m.. We can esti-
mate the position of the CR peak using the cyclotron resonance frequency equa-
tion B = 2xfm, /e, by combining the known QCL frequency of f=2.68 THz and the
effective mass (m,), we expect to obtain a CR response at B= ~6.94 T (Fig. 5).

To maximize the THz photovoltage we switched the 127 Hz AC 100nA source
to a DC 100nA source and used a reference signal from the QCL pulse modulation
(10% duty cycle at 950 mA) also at a frequency of 127 Hz for the lock-in ampli-
fiers. This method is most sensitive to the THz-induced photovoltage of the sample
and less sensitive to any (much slower) thermal response or other noise sources. We
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Fig.6 a 2D plot of the CR photovoltage at 950 mA and 10% duty cycle QCL power versus gate bias and
magnetic field, measured using a constant 100 nA DC current while locking-in to the QCL pulse fre-
quency. Contour lines show the boundary between QHE plateaus, each labelled with a corresponding fill-
ing factor (v). b Low QCL current sweeps of the CR response, with the lowest observable CR response
found at 820 mA. Gate bias was set at 0.36 V

investigated the full magnetic field response of the CR versus gate bias (Fig. 6a).
The sample response was found to be strongly dependant on gate bias and largest
near the expected CR position. Contour lines in Fig. 6a show the rough boundary
between filling factors and as expected the 2DEG has the greatest sensitivity when
the peaks in the SdH response are positioned away from the expected CR point for
our QCL frequency. The main CR peak was measured to occur at~6.93 T, which is
similar to the expected value we estimate from the effective mass (~6.94 T).

Curiously, we note there are multiple peaks in the 2D map of CR response. We
can assume that the QCL frequency is unaffected by sample gate bias or the weak
stray field (< 10 mT). Much larger magnetic fields,> 1 T, can cause Landau splitting
in QCL structures and shift the position of the central frequency [17]. The cause
of the multiple peaks may be small differences in effective mass. Assuming a fixed
QCL frequency our effective mass would need to range from 0.072 to 0.074 m,.

When accounting for hysteresis in the gate (by sweeping the gate bias starting at
0 V) we obtained the largest photovoltage, and so maximum sensitivity, at 6.93 T
and for a gate bias of 0.36 V. At this point (0.36 V) the carrier concentration was
found to be~2.73x 10'! cm™2 while the mobility was 2.85x 10° cm*V~! 57!, Sweep-
ing field while progressively incrementing the QCL power to lower values, we found
that the lowest QCL power for which a CR was unambiguously seen corresponded
to a QCL excitation current of 820 mA (Fig. 6b).

With the QCL at 900 mA we estimate that~30 uW of THz illumination was
arriving at the sample space, Taking into account the aperture of the Winston cone
opening, and the active region of the device, the 2.67 pV maximum response for the
sample provides an estimate of sensitivity as a 0.09 VW~!, or 2 mVmicroW'cm?
for our detection of the Terahertz radiation.

We then needed to ascertain the sample temperature under these conditions. For
this we require some property of the sample that is strongly dependent on tempera-
ture at milli-Kelvin temperatures in order to calibrate the effect and use it as a direct
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Fig.7 a The sample electron temperature is estimated from calibrating the area under the 1.65 T R,
peak (see insert) at various sample space temperatures. b The same section of R, at base temperature
under THz illumination, for high QCL (>900 mA) currents there is a clear increase in the overall resist-
ance. The minimum detectable photovoltage (obtained at a QCL current of 820 mA, see Fig. 6b) pro-
duced an electron temperature of ~ 160 mK

local thermometer. This is because the normal sample space thermometer has insuf-
ficient thermal contact for a source of heating directly on the sample.

Peaks in the SdH response for an electron gas [18] are well known to change
their shape with temperature; since the electron thermalization timescale is very
short (femto-seconds) they are a good proxy for the bulk sample temperature [19].
We chose to measure the area under the 1.65 T peak (Fig. 7 inset) since it showed
a strong relationship with temperature, ideal for generating a calibration curve. The
area under the peak was measured at increasing known sample space temperatures
from which a calibration curve can be generated(black line/points Fig. 7a) we can
then estimate the sample electron temperature while undergoing THz illumination.

We then applied THz radiation to the device and estimated the sample tem-
perature (Fig. 7a red points and Fig. 7b). At the lowest QCL power for which
a CR response is seen, at 820 mA (Fig. 6a), the estimated sample temperature
was ~ 160 mK. This is a substantial improvement over the 430 mK achieved in our
previous work. From Fig. 7 we can also see that there is still sufficient power in the
QCL THz radiation to significantly heat the sample space despite any extra losses in
the HMWG assembly from the QMC filter and Winston cone.

4 Conclusions

We have demonstrated significant enhancement to the lowest temperature experi-
ments yet undertaken using an in-situ THz QCL for signal excitation in a dilution
refrigerator, obtaining a 160 mK sample electron temperature while still observing
a THz response. This was achieved by the introduction of a low-pass 6 THz filter,
a Winston cone and an optimised detection with a gated 2DEG sample, with these
modifications improving isolation from the environment, increasing the power den-
sity of the THz illumination and enhancing sensitivity to THz radiation, respectively.
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We note that alternative geometries for mounting the QCL would be possible,
including the use of free-space optics to couple radiation from the QCL to the sam-
ple space, though this arrangement could be difficult to align given the likely con-
traction of larger optical elements during cooling from room temperature.

Further improvements would likely require a dilution fridge with a higher cooling
power to counteract heating from the THz illumination from the QCL itself, as well
as reduction of the small residual heat leaks between waveguide sections. Optimiz-
ing the detection of THz radiation with a 2DEG could also be improved by using
a back gate instead of a lossy top gate and larger active region. It appears likely
that sub-100 mK experiments using the radiation from THz QCLs could be reached
using a combination of such developments.
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