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Time-resolved measurement of pulse-to-pulse heating effects in a terahertz
quantum cascade laser using an NbN superconducting detector
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Joule heating causes significant degradation in the power emitted from terahertz-frequency quantum-cascade
lasers (THz QCLs). However, to date, it has not been possible to characterize the thermal equilibration
time of these devices, since THz power degradation over sub-millisecond time-scales cannot be resolved using
conventional bolometric or pyroelectric detectors. In this letter, we use a superconducting antenna-coupled
niobium nitride detector to measure the emission from a THz QCL with a nanosecond-scale time-resolution.
The emitted THz power is shown to decay more rapidly at higher heat-sink temperatures, and in steady-
state the power reduces as the repetition rate of the driving pulses increases. The pulse-to-pulse variation in
active-region temperature is inferred by comparing the THz signals with those obtained from low duty-cycle
measurements. A thermal resistance of 8.2 £ 0.6 K/W is determined, which is in good agreement with earlier
measurements, and we calculate a 370 & 90-us bulk heat-storage time, which corresponds to the simulated

heat capacity of the device substrate.

PACS numbers: 42.55.Px, 66.70.Df, 85.25.Pb

Keywords: terahertz quantum cascade lasers, thermal characterisation, superconducting terahertz-radiation

detectors

Terahertz-frequency quantum-cascade lasers (THz
QCLs) are compact semiconductor sources of high-power,
narrowband THz radiation.! Although peak THz powers
greater than 200mW (pulsed) can be achieved at low
temperatures,? QCL performance degrades as either the
heat-sink temperature, or the pulse repetition rate is in-
creased. This is primarily a result of the population in-
version in the laser subbands being degraded by ther-
mal backfilling and thermally-activated electron—phonon
interactions.? The effect is exacerbated by the fact that
THz QCLs typically require several watts of electrical in-
put power, which leads to significant Joule heating within
the active-region (AR) of the device, causing its temper-
ature to be significantly higher than that of the heat-
sink. This is particularly the case for QCLs based on
resonant-phonon (RP) depopulation, where large oper-
ating biases are needed, and parasitic current channels
increase the threshold current density significantly.* Such
limitations mean that lasing cannot currently be achieved
at heat-sink temperatures above 200 K (pulsed)® or 117K
(continuous-wave).°

It is clear that to optimize THz QCL performance,
it is essential to characterize their heat extraction fully.
However, the thermal relaxation path involves several re-
gions with significant variation in heat capacity and ther-
mal conductance, each being characterized by a differ-
ent thermal time-constant. This results in a complicated
time-variation in device temperature when driven by a
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pulsed electrical source,”® and a range of thermal charac-
terization techniques have been used to investigate such
thermal effects experimentally. The steady-state ther-
mal resistance has been inferred by measuring the time-
averaged THz power using a pyroelectric detector.? Al-
ternatively, time-resolved microprobe photoluminescence
(PL) techniques allow sampling of the rapid temperature-
variations at specific positions within a QCL, over the du-
ration of a single laser pulse. This allowed thermal time
constants on the order of 1 us and 10 us to be determined
within, and slightly below, the AR, respectively.® How-
ever, the total thermal equilibration time of a QCL (and
hence the THz power stabilization time) is determined by
bulk heat accumulation within the device. Heat-transfer
modeling predicts this to occur over ~100 us time scales,”
which are much longer than those studied in PL measure-
ments, and yet much shorter than the response times
of conventional THz detectors (typically milliseconds for
cryogenically-cooled semiconductor bolometers).

We present time-resolved measurements of the pulsed
THz emission from a THz QCL, using a superconduct-
ing niobium nitride (NbN) detector with a response time
on the order of 30ps.!!! This allows continuous high-
bandwidth data acquisition rather than discrete sampling
(as is the case in PL studies) over the duration of a laser
pulse-train. From our ultrafast THz emission measure-
ments, we determine the pulse-to-pulse increase in AR
temperature and infer a thermal resistance, which is in
good agreement with values obtained using previously-
reported techniques. In contrast to earlier works, how-
ever, we also extract the bulk heat-storage time-constant,
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FIG. 1. (a) Driving current and corresponding THz power
at heat-sink temperatures of 15 and 45 K. The ‘(i)’ and ‘(ii)’
labels in the 45-K trace indicate the ‘pre-pulse’ and ‘main
pulse’ features in the THz emission. (b) Time-averaged power
in THz pulses sampled across a 1-ms-long pulse-train for a
range of heat-sink temperatures. Solid lines show regressions
to bi-exponential decay functions. A 500-kHz pulse-repetition
rate was used in all cases.

and show that this corresponds to the heat-capacity of
the device substrate.

For our measurements, a 3.1-THz QCL based on an
RP depopulation scheme'? was processed into a semi-
insulating surface-plasmon (SISP) ridge waveguide with
dimensions 10 x 140 x 850 um?®. The laser was attached
to the cold-finger of a continuous-flow helium cryostat
and driven by an Agilent 8114A pulse generator. A
pulse-width of 500 ns was used throughout this work and
pulse repetition-rates were adjusted through the range
100-500 kHz, giving pulse-separations in the range 9.5—
1.5 us, respectively. Current pulses were measured us-
ing an inductive current-probe with a 3.5-ns rise-time.
The pulse train was modulated electrically by a 500-Hz
square-envelope, allowing a 1-ms-long cooling period be-
tween each sequence of driving pulses. The THz radi-
ation emitted by the QCL was collimated and focused
onto an NbN detector, within a separate cryostat, as de-
scribed in Ref. 13. The intrinsic response time of the
detector was around 30ps,'%!! and a time-resolution of
1.1ns was estimated using the method in Ref. 14. The
detector response was confirmed to be linear with respect
to both the instantaneous incident THz power, and the
integrated power (i.e., the energy) over a THz pulse.!?

Initially, the pulse-repetition rate was fixed at 500 kHz
and the heat-sink temperature, Ty, was varied between
15 and 45K. Fig. 1(a) shows the driving current pulses
and the corresponding NbN detector signals at Ty = 15 K
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FIG. 2. Normalized THz power emission from the QCL and
its derivative with respect to Tx, when driven by a continuous
train of 500-ns-long, 12.9-V pulses with a repetition rate of

1kHz (i.e., 0.05% duty-cycle). Solid lines show polynomial
regressions to the data.

and 45K, acquired over the first 20 us of the 1-ms-long
pulse-train. A baseline shifting algorithm was used to
compensate for ac-coupling effects in the detector. Al-
though QCLs do not exhibit relaxation oscillations'® the
intrapulse power responds to driving-current transients,
which are principally caused by impedance mismatch.!'3
An initial spike in THz power [label (i) in Fig. 1(a)] is
caused by a ripple on the rising-edge of the current pulse
briefly exceeding the lasing threshold. A second, longer
THz emission (ii) corresponds to the plateau of the cur-
rent pulse. The current and voltage during the plateau
were measured as 1.17A and 12.9V, respectively, and
were constant from pulse to pulse.

The complex shape of the THz pulses makes it imprac-
tical to determine temperature variation within an indi-
vidual pulse. However, the pulse-to-pulse variation may
be inferred by examining the time-averaged THz power
during successive pulses. At Ty = 15K, the THz emis-
sion does not change significantly from pulse-to-pulse. At
Ty = 45K, however, pulse-to-pulse heating effects are
clearly visible. As expected, the initial pulse amplitude
is reduced, owing to the (time-invariant) direct effect of
Ty on device performance. Additionally, the energy in
successive pulses decays monotonically over time, indi-
cating slow heat accumulation in the bulk of the device.

In order to perform a quantitative analysis of power
degradation over the complete 1-ms-long pulse train,
20-pus-long sequences of pulses were sampled at 100-us
intervals and the time-averaged power was calculated
for each pulse. As shown in Fig. 1(b), the power de-
creases over time for all heat-sink temperatures. Indeed,
for Ty > 30K, the signal decays to the detection noise
floor within the period of observation, implying that the
maximum operating temperature of the AR had been ex-
ceeded as a result of pulse-to-pulse heating.

The increased sensitivity of the THz emission to heat
accumulation at higher Ty values may be explained by
considering Fig. 2, which shows the relationship between
THz power and Ty at low duty-cycle. This measurement
was obtained using a helium-cooled Ge bolometer, with
the QCL being driven by 500-ns pulses at a 1-kHz repe-
tition rate (0.05% duty-cycle). Although the THz power
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FIG. 3. (a) Time-averaged amplitude of each 500-ns THz
pulse sampled across a 1-ms-long pulse-train. Results are
shown for Ty = 15K and varying repetition rates. Solid lines
show regressions to exponential decay functions. (b) Pulse-
to-pulse temperature increase, inferred from THz power mea-
surements. Solid lines show regressions to an equivalent con-
stant heat-flux model (Eqn. 2).

varies in a complex manner within the pulse, the mea-
sured time-averaged power can be approximated as the
instantaneous power midway through the pulse. Under
these low-duty-cycle driving conditions, the active-region
temperature Tar can be assumed to settle to Ty between
successive pulses. The temperature at the middle of each
pulse is, therefore, equal to the sum of Ty and an addi-
tional intra-pulse heating term, ATin, that represents
the rapid heating effect described in Ref. 8.

If the thermal properties of the materials are only
weakly dependent on temperature, then ATy, repre-
sents a constant offset between Ty and Tar. As such,
the derivative of the power—temperature relationship,
dP/dTar = dP/dTy, shown in Fig. 2, indicates that
small increases in AR temperature cause a much greater
degradation in THz power at temperatures around 45K
than at lower AR temperatures, in agreement with the
results in Fig. 1(b), and illustrating clearly the impor-
tance of bulk heat-storage at high duty-cycles.

Bulk heat-storage is much slower than intra-pulse heat-
ing, and so the two effects contribute to the device tem-
perature independently. The instantaneous temperature
at the middle of the n*® pulse is then given by

TAR,n ~ TH + Ajjintra + Ajjpp,n, (1)

where AT, , is the net pulse-to-pulse temperature rise
after n pulses. If pulse-to-pulse heating occurs over time-
scales that are significantly larger than the pulse repeti-
tion period, then the pulsed heat source may be mod-
eled as an equivalent steady-state (time-averaged) heat
flux of v@Q, where ~ is the duty-cycle of the source and
Q =1V = 1.17TA x 129V = 15.1 W is the electrical
driving power during the pulse. A first-order lumped-
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FIG. 4. Final bulk temperature offset as a function of duty
cycle, for a QCL driven by a 500-ns pulse train, with 15-K
heat-sink temperature. The dotted line shows a linear regres-
sion to the data.

component thermal model then yields

tn
ATpp,TL = Rth’}/Q |:1 — exp (Rthc’blk>:| , (2)

where Ry, and Chyii are respectively the effective thermal
resistance and the bulk heat capacity. The time at the
middle of the n** pulse is t,, = n/f + 0.5t,, where f is
the repetition rate and ¢, = 500 ns is the pulse-width.

Under these approximations, AT, is identical in
each pulse. The THz power emitted in the n*™™ pulse,
therefore, depends only on the heat-sink temperature and
bulk heat accumulation, and may be written using the
functional form Py (Tu + ATy ). Additionally, ATy, ,
is independent of Ty if Ry, and Cpyx are approximately
temperature independent. The pulse-to-pulse tempera-
ture rise may, therefore, be inferred by comparing the
measured THz power in each pulse with the low duty-
cycle reference, P,y (Th), in Fig. 2.

Since some signals in Fig. 1(b) decay below the noise-
floor within the observation period, an alternative data
set was used for this thermal analysis, in which the rep-
etition rate was varied. A constant Ty = 15K was now
used, in order to reduce the THz power decay rate and
maintain a measurable signal over 1 ms. Fig. 3(a) shows
that the THz power degradation rate increases as the
pulse repetition rate was varied from 100 to 500 kHz,
as expected for bulk heat accumulation. Furthermore,
power degradation is observed even at f = 100kHz indi-
cating that the time constant for pulse-to-pulse heating,
T = RtnChulk, is greater than the 9.5-us pulse separation.

In each case, the inferred pulse-to-pulse temperature
variation, shown in Fig. 3(b), approaches a final quasi-
equilibrium value within the 1-ms observation period. Al-
though PL measurements show a much steeper temper-
ature gradient across the AR than the substrate during
continuous-wave operation,'® theoretical work predicts a
more complex situation in pulsed mode.” In this case,
the temperature difference between the top and bottom
of the AR fluctuates rapidly within each pulse, while the
temperature at the bottom of the AR increases gradually
over many pulses owing to the large heat capacity of the
substrate. Since we use the THz emission as the ther-
mometric property, the absolute value of Tar,, would



represent both a temporal average (over the duration of
the n*™ pulse) and a spatial average of the temperature
across the active-region (weighted by the photon emis-
sion at each point). However, in Fig. 3(b) we only infer
the slow pulse-to-pulse change in TaR, p, rather than its
absolute value, and this is principally influenced by heat
accumulation in the substrate.

The solid lines in Fig. 3(b) show that regressions to
the bulk heating model in Eqn. 2 match the data ac-
curately in all cases. The final (quasi-equilibrium) tem-
perature offset is related analytically to the duty-cycle
according to ATy, = RuwyQ, and a linear regres-
sion to this form (Fig. 4) yields Ry, = 8.2 + 0.6 K/W.
This corresponds to a normalized thermal conductance,
Gin = (RinA)™! =100 £ TWKtem ™2, where A is the
waveguide area. This is comparable with previously pub-
lished values (G, = 300 or 210 W K ~tem~2, depending
on analysis method), from time-averaged power measure-
ments of a device with a double-metal waveguide,? and
also with those obtained using PL measurements of an
SISP device (Gy, = 41 WK~ 1em ™2 in pulsed operation,®
and 39 WK~!em ™2 in continuous operation?).

TABLE I. Thermal time-constants and corresponding heat
capacities of the THz QCL at a range of pulse-repetition rates.
Data are obtained from a regression of the inferred Tar values
to the form in Eqn. 2.

S [kHz] 7 [ps] Chui [pJ /K]
100 303.8 23.2
200 293.8 46.7
300 275.6 42.1
400 459.3 56.0
500 354.0 39.6

Equilibration times for pulse-to-pulse heating lie in
the range 7 = 370 4+ 90 us, as shown in table I, and
this corresponds to a bulk heat capacity of Cyux =
41 4+ 18 uJ /K. This may be compared with that of the
GaAs substrate (i.e., the largest mass in the device).
A bulk Debye model gives a specific heat capacity of
¢, = 39J/(kgK) at 30 K. If heat is stored evenly within
the substrate volume, 0.2 x 1 x 0.85 = 0.17mm?® (with
density, 5.32x 1073 gmm~3), this results in a heat capac-
ity of 36 uJ /K, in good agreement with our measurement.

In conclusion, a superconducting NbN detector has
been used to perform the first direct observation of pulse-
to-pulse power degradation from a THz QCL. Power sta-
bilization occurs on sub-millisecond timescales that can-
not be resolved by conventional bolometric or pyroelec-
tric detectors, with the power decay-rate being largest
when high heat-sink temperatures or high pulse repeti-
tion rates are used. Although PL measurements allow
analysis of rapid heat transfer processes at individual
points within the QCL, our approach has allowed the
first measurement of the bulk heat-storage effects that
determine the total thermal equilibration time of the de-

vice. We have shown, using a lumped-component ther-
mal model, that the inter-pulse heating occurs on a much
longer time-scale than the intra-pulse thermal dynamics.
The normalized thermal conductance obtained from our
model lies within the range of values obtained using PL
and time-averaged methods. The inferred heat capac-
ity corresponds to that of the device substrate, confirm-
ing that this region forms a heat-transport bottleneck as
expected from PL measurements.!® As such, this tech-
nique could be used as a reliable method for analyzing the
thermal performance of device packaging or the power-
stability of direct-modulation schemes for THz QCLs.
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