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Lasing-induced reduction in core heating in high wall plug efficiency
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Quantum cascade (QC) laser core heating is a primary impediment to high device wall plug
efficiency (WPE). Here, we demonstrate that efficient photon generation produces a quantifiable
reduction in heating of the QC laser core temperature. By superimposing low duty cycle current
pulses on a core-heating dc baseline, we observe the instantaneous threshold current and current
efficiency evolution as the dc input is varied. From these measurements we recover the laser core
temperature 7. Results agree well with calculations of T, based on measured thermal resistance
and WPE. Using the same thermal model for a laser with negligible WPE, we show that the large
WPE of the measured device—24% for an 80 K heat sink—results in a core temperature reduction
of ~15 K. © 2009 American Institute of Physics. [DOI: 10.1063/1.3073044]

Recent improvements in quantum cascade (QC)
lasers have resulted in devices that operate with large
wall plug efficiency (WPE) at both cryogenic and
room temperatures.l*4 This progress has come from
better models,s’7 de:signs,1’3’8 and improved thermal
management.l_49 Due to conservation of energy, a result of
this efficient emission of light is that a substantial fraction
of the input electrical power no longer contributes to the
heating of the active core. This reduction in heating is
highly desirable since elevated core temperatures can dra-
matically limit QC laser performance to the point of thermal
rollover.” Understandlng and harnessing this lasing-induced
reduction in heating may enable further improvements in la-
ser performance.

Studies of the thermal behavior of QC lasers using non-
invasive methods were previously reported. Scanning inter-
ferometric thermal mapping techniques measured both spa-
tial and temporal lattice temperature profiles in QC lasers.'”
Microprobe photoluminescence measurements allowed si-
multaneous determination of the lattice and electronic
temperatures.”’12 Additionally, using this method, it was
shown that threshold currents of QC lasers are determined by
the lattice temperature and can be reliably used as a thermo-
metric property of the active core."

Here, we are interested in only the lattice temperature of
the QC laser active core because the temperature effects due
to large WPE are most observable in this region of the laser.
We use the temperature-dependent threshold as an indicator
of the active core temperature. For a laser operated in con-
tinuous wave (cw) mode, this is accomplished by superim-
posing low duty cycle pulses on a core-heating dc baseline,
measuring the instantaneous threshold current, and relating
the result to known threshold versus active core temperature
data. Using this measurement technique, we are able to de-
termine the instantaneous core temperature, current effi-
ciency, and reduction in core heating from photon emission.
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The lasers used in this study were grown by metal
organic chemical vapor deposition using strained
Ing 660Gag 331A8/ Al 633100 360As quantum wells and barriers
on an InP substrate with the net strain balanced in each pe-
riod. The active core is a traditional, high-performance two-
phonon resonance design with an engineered optical transi-
tion energy of 270 meV similar to that in Ref 1. The devices
were processed as buried heterostructure lasers using lateral
InP regrowth and mounted epitaxial layer up to a copper
holder using indium.

The laser holder was mounted to a copper heat sink in a
temperature controlled, continuous flow liquid nitrogen cry-
ostat. Ge lenses were used to collect and focus the light onto
a room temperature HgCdTe detector for pulsed measure-
ments and a thermopile for cw measurements. The pulsed
measurements were performed using 100 ns pulses at 5 kHz.
The results in this letter are for the best performing laser
ridge, 3.0 mm long and 5.2 um wide, and are characteristic
of the several other tested devices. Figure 1 shows results for
cw measurements at a heat sink temperature of 80 K. At this
heat sink temperature, the device has a threshold current of
165 mA, 24% peak WPE in cw mode, and 33% peak WPE in
pulsed mode.
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FIG. 1. (Color online) cw voltage (solid, black), light (dash, red), and WPE
(dot-dash, blue) vs current curves for the high efficiency device at a heat
sink temperature of 80 K. The power and WPE values are reported for both
facets.
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FIG. 2. (Color online) Threshold current vs heat sink temperature data of
the high efficiency device for cw (red circles) and pulsed (blue squares)
operation. The inset shows the thermal resistance Ry, calculated from the
difference in threshold currents vs temperature.

Pulsed and cw thresholds as a function of heat sink tem-
perature are shown in Fig. 2. These thresholds were fit
using high-order polynomial functions, and the thermal re-
sistance for a given core temperature was calculated as
RTH(Tcore)=(Tth,pulsed_Tth,cw)/(Pth,cw)9 where Tth,pulsed is the
core temperature at the pulsed threshold, T, ., is the core
temperature at the cw threshold, and Py, ., is the input power
at cw threshold. The core temperature at cw threshold was
determined by matching the temperature for a pulsed mea-
surement with the same threshold current. The calculated
thermal resistance is shown in the inset of Fig. 2.

To measure the instantaneous threshold current /., Of
the device during cw operation, the heat sink was cooled to
80 K. The temperature of the heat sink was monitored and
controlled; the variation in temperature over the course of the
experiment was less than 0.3 K. Light was collected onto a
room temperature HgCdTe detector that was preceded by a
polarizing filter to limit the amount of incident power. Pulses
of 100 ns at 5 kHz were superimposed on a dc current using
an impedance-matched bias-T; the very low duty cycle en-
sures that the pulses have a negligible effect on the tempera-
ture of the core. The center 20 ns of the current and light
pulses were gated and averaged over 100 pulses. The mag-
nitude of the low duty cycle pulses was increased every
300 ms (1500 pulses). The laser was designed to operate
under negative polarity; thus for dc currents below the cw
threshold, negative polarity pulses were used. Above cw
threshold, positive polarity pulses were used. The polarity of
the pulses was controlled by the inclusion or exclusion of an
inverter immediately after the pulse generator. Figure 3
shows measurements below and above cw threshold, and the
inset shows a schematic of the supplied pulses. Below cw
threshold, the measurements are very similar to typical light-
current measurements. However, above cw threshold,
the device is turned off as larger pulses are applied. A thresh-
old 6l m is clearly visible for both measurements. The
instantaneous threshold current of the device is given by
Linstant,th=1ac + Olpyise s Where Iy is the de current supplied to
the device. The instantaneous current efficiency is given by
(Idc_ instant,th)/IdC'

To study the evolution of the instantaneous threshold at
various points of cw operation (active core temperatures), the
input dc power was changed and the instantaneous threshold
was measured as described above. The change in the dc cur-
rent was made slowly to avoid temperature fluctuations in
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FIG. 3. (Color online) Light vs pulsed current for measurements below
(blue) and above (red) cw threshold. The blue and red arrows show the
direction of the increase in the magnitude of the current pulses below and
above cw threshold, respectively. The inset shows a schematic of the current
pulses supplied to the device in addition to the dc current. The lasing thresh-
old Ol 18 indicated for both measurements.

the heat sink. The temperature of the heat sink was allowed
to stabilize to fluctuations of <0.01 K, and the voltage of
the QC laser, an indicator of core temperature, was allowed
to stabilize to fluctuations of <0.1 mV before recording a
measurement. The maximum dc current applied was limited
by the bias-7 to 1 A. The minimum was limited to approxi-
mately 50 mA due to instability in the voltage for smaller dc
currents. The standard deviation of the instantaneous thresh-
olds at each cw current over the entire range of cw data is
less than 1 mA. We observed a threshold dependence on the
boxcar gate location of approximately 10 mA and estimate
the error in our measurements to be approximately =5 mA.

Each of the measured instantaneous thresholds was
mapped to a core temperature using the pulsed threshold
versus heat sink temperature data shown in Fig. 2. Figure 4
shows the results of the measurements and mapping. Using
the WPE and Ry data, the core temperature was calculated.
The starting core temperature of 131 K was selected to match
the experimental data at the power corresponding to the on-
set of cw lasing, 1.8 W; no other fitting parameters were
used. For the calculations, the change in core temperature

AT, was calculated as
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FIG. 4. (Color online) Plot of core temperature vs dc input power. The blue
squares are for the experimental results; the blue, solid line is for calcula-
tions including the WPE; and the red, dashed line is for calculations with
zero WPE for all input powers. The power corresponding to cw threshold,
Py.n=1.8 W, is marked by the vertical, dashed line. There is excellent
agreement between experiment and the calculations; the only free parameter
is the initial core temperature, which was matched to the experiment.
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ATcore(Tcore) = APdc[1 - nWPE(Pdc)]RTH(Tcore)’

where AP, is the change in applied dc power and 7ypg is
the WPE. The increment in core temperature AT,.. was
added to the previously calculated temperature. As can be
seen in Fig. 4, there is excellent agreement between the ex-
perimental data and the calculations.

To show the effect of large 7wpg on the temperature of
the core, calculations were performed using the same thermal
parameters with npwpr=0 for all dc powers. The results are
also shown in Fig. 4. Around P4.=12 W input power, the
difference in core temperature is approximately 15 K. This
difference in temperature is due to the efficient emission of
light for this device. The size of the temperature difference is
strongly influenced by Ry, and the reduction in Rpy at
higher core temperatures limits the magnitude of the differ-
ence; at Py.=12 W, Rpy=9.3 K/W.

In conclusion, we have measured the evolution of the
core temperature and current efficiency of a QC laser in cw
operation. The measured results agree well with calculations
of the core temperature that use both the measured 7ypg and
Ryy. Excluding 7wpg in the model results in an increase in
the core temperature of 15 K at typical cw operating cur-
rents. The size of the temperature difference is strongly in-
fluenced by Rry.
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