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Heating of a quantum cascade laser under pulsed pumping: theory and

experiment
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The paper considers the features of the quantum cascade laser operation under pulsed current pumping and

corresponding heating. We have shown that, as the steepness of the pump pulse front edge decreases, the threshold

current shifts towards higher values by tens of milliamps, which is associated with intense heating of the QCL

active region in the first moments after the start of pumping. A model based on the thermodiffusion approximation

is proposed to describe the experiment. Studying the time dependence of laser radiation intensity has shown

that, within the interval of hundreds of nanoseconds after the pump pulse onset, power transfer to the main heat

sink gets activated; thereat, the heat removal efficiency reaches 50−75% of the total power consumption, which

significantly reduces the rate of active region heating.
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Quantum cascade lasers (QCLs) are unipolar semicon-

ductor devices emitting in the mid— and far-infrared

ranges. The idea proposed in 1971 [1] and experimentally

implemented for the first time in 1994 [2] is today a

universal platform for solving many applied problems in

various fields, such as biomedicine [ 3], security sys-

tem components [4], environmental monitoring [5], and

also wireless optical communications [6]. Such a wide

range of applications is associated with unique properties

of the mid-infrared range containing intense absorption

lines of various molecules, as well as two windows of

atmospheric transparency. At present, one of the main

tasks in developing the QCL technology is to increase

their efficiency, which, however, is a non-trivial task [7].
Despite the fact that the quantum cascade laser efficiency

reaches tens of percent [8], the energy released during

operation in the form of heat affects the basic QCL

parameters even in the case of operation in the pulsed

pump mode. Excessive heating of the laser active region

induces variations in threshold characteristics and degra-

dation of laser radiation. Hence, possible overheating

of the active region worsens the laser functional char-

acteristics, makes more difficult implementation of the

continuous lasing mode, and requires careful considera-

tion of the impact of external conditions on the QCL

functioning. In this work, we study the dynamics of

heating the QCL active region under sub-microsecond

pulsed pumping.

In the experiments, QCL samples similar to those used

in [9–11] were employed. Based on the radiation power

peak, QCL watt-ampere characteristics were constructed,

whose variable parameter was the time constant of the

pump pulse front edge. The watt-ampere characteristics

were measured in the QCL pulsed operating mode with

the pulse repetition rate of 11.5 kHz and pump pulse width

of 500 ns. Mean power was measured by using a Thorlabs

PM100 power meter with calibrated thermoelectric sensor

S401C. The radiation dynamic characteristics were studied

with the aid of a thermoelectrically cooled photodetector

Vigo Systems PVI-4TE-10.6 having the bandwidth of 1ĠHz,

which operated in the reverse bias mode. For the analysis,

a pumping mode with the current amplitude of 4.5Ȧ was

chosen. The measurement technique is also described

in [12]. The current pulses shown in Fig. 1, a are

characterized by different front edge steepnesses which were

adjusted by tuning the QCL pumping electrical circuit so as

to increase the circuit active resistance without changing

the reactance. An increase in the delay between the current

pulse onset and reaching the threshold results in that the

power released in the form of heat warms up the active

region bulk, which causes the active region overheating by

a few degrees relative to the starting conditions and reduces

instantaneous peak power of the optical signal (Amax). This,
in turn, leads to a shift in threshold current I thr by a few

percent (tens of milliamps) in measuring the watt-ampere

characteristic (Fig. 1, b):

I thr(T ) = I thr exp

(

T
T0

)

≈ I thr

(

1 +
T (t)
T0

)

. (1)

Detailed information on the dynamics of heating the active

region can be obtained by analyzing the radiation pulse

time sweep. Fig. 2, a schematically illustrates a model
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Figure 1. a —time dependence of the pump current strength of the generator with the tunable time constant of 10, 20 and 40 ns at one

and the same equilibrium amplitude of 4.5A. b — watt-ampere characteristic of the QCL sample measured based on the peak radiation

intensity value (Amax) for pump pulses shown in panel a.
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Figure 2. a — model time sweep of the pump pulse current approximating experimental measurements (solid line), and threshold

currents calculated in the adiabatic heat-release approximation (dashed line). The time interval in which the pump current exceeds the

threshold value (shaded area) corresponds to the presence of radiation. The arrow indicates pumping at the time point corresponding

to maximum peak intensity Amax. b — experimentally measured radiation pulse time sweep at pump current of 4.5 A (dashed line) and

its exponential approximation (solid line) in the region far from transient processes. The dotted line represents a theoretical estimate of

the radiation intensity obtained under the assumption that the pump pulse front edge is exponentially shaped and power release mode is

adiabatic.

description of processes taking place in QCL under pulsed

pumping. The solid curve symbolically represents a realistic

pump pulse curve that generalizes the experimental data

presented in Fig. 1, a. The dotted curve simulates the

behavior of the threshold current under the assumption that

the thermal operation mode of the active region is of the

adiabatic character, i.e. without energy exchange with the

environment. The region where the pump current exceeds

the threshold value, i. e. time moments when the laser is

capable of emitting, is shaded. Based on the shape of this

region, the following conclusions may be made. First, the

presence of a maximum in the radiation signal time sweep

is due to the threshold current linearly increasing with time,

which is valid in the adiabatic approximation at a constant

pumping power. Second, beginning from a certain time

point, the steady-state pump current becomes insufficient

to overcome the threshold, which shall lead to the lasing

turn-off.
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Figure 3. Time sweep of the total power consumption (black
line 1) and its portion spent on heating the active region,

which was calculated as a result of processing the experimentally

measured rate of radiation power degradation (red line 2) and

in the framework of the model of small heat leakage from the

adiabatically heated active region (blue line 3). The green area

illustrates the transient process between the mentioned modes. The

color shading shows the area under the curve which will be further

used to estimate the laser chip temperature. The colored figure is

given in the electronic version of the paper.

Comparison of the presented theoretical calculations with

experimental measurements reveals significant differences

in them (Fig. 2, b). By the end of a 500 ns pulse, the

QCL emission decreases by about a third, which evidences

that adiabatic approximation provides a significant overes-

timation of the emission intensity decrease. The results

of processing the watt-ampere characteristics presented

in Fig. 1, b show that, regardless of steepness of the

pump pulse front edge, differential efficiency (the watt-

ampere characteristic slope) is equal to k = 0.6W/A. Then,

assuming that threshold current is a function of time and

conditions ensuring lasing are met, obtain that radiation

intensity is A(t) = k
(

I p(t) − I thr(t)
)

, where I p is the pump

current. This means that, after the pump current reaches its

equilibrium value, time derivative of the measured radiation

intensity characterizes only the rate of threshold current

variation:

I ′thr(t) = −k−1A′(t). (2)

Estimation of experimental data on the laser radiation

time sweep shows that the QCL signal under steady-state

pumping is well approximatable by exponential function

A(t) = PA exp(−t/τA), where PA = 0.65W, and τA = 1µs.

This means that the rate of the radiation intensity reduc-

tion obeys the following relation: A′(t) = −PA
τA

exp(−t/τA).
Thus, in 100 and 450 ns after the onset of a pulse

with the equilibrium current I0 = 4.5A, the rate of the

signal reduction is −0.6 and −0.4mW/ns, respectively.

Being substituted into formula (2) which relates temporal

variations in the threshold current and radiation intensity,

these values provide the estimates of the threshold current

variation rate of about 1 and 0.7mA/ns at the pulse onset

and end, respectively.

In the adiabatic approximation, the threshold current

variation is described by (1) where T0 is the temperature

constant of the threshold current variation measured for the

sample under study by the direct method and being equal

to 125K [13]. In this case, if the pump pulse front edge

rises infinitely fast, the temperature variation rate is

Tadiab(t) =
UI0t
CAR

, (3)

where CAR = cρV is the heat capacity of the active region,

I0 is the pump current stationary value. Substituting here

the actual values of current, voltage, characteristic active

region volume, and mean values of density and heat capacity

for the active region semiconductor compound [14,15],
obtain characteristic value Tadiab(t) = t · 0.1K/ns. Then

the rate of threshold current variation is 2.4mA/ns, which

is approximately 2.5 and 4 times higher than the values

determined experimentally in 100 and 450 ns after the pulse

onset. Based on this, we can conclude that the temperature

profile in the active region vicinity ensures removal of the

most part of power consumed by the device in 100 ns.

Fig. 3 summarizes the obtained results. Curve 1 repre-

sents the total power consumption for the case of a realistic

steepness of the pump pulse front edge and specified pulse

parameters. Curve 2 represents power Pheating spent on

heating the active region, which was obtained by processing

experimental data on the pulse A(t) shape, in the following

form:

Pheating =
dQheating

dt
= CAR

dT
dt

= CAR
T0

I thr
I ′thr(t)

= −CAR
T0

I thr

A′(t)
k

, (4)

Substituting here A′(t), obtain

Pheating(t) =
CART0PA

I thr kτA
e−

t
τA . (5)

One can see that the temperature balance established during

hundreds of nanoseconds provides wrong estimation of the

processes occurring at the moment of the pump pulse onset

if curve 2 in Fig. 3 is extrapolated to the region of several

nanoseconds, since in this case the power spent on heating

the active area will exceed the total power.

To explain this disagreement, consider the following

model. Let the energy released at the very beginning of the

pump pulse provide uniform heating of the active region

according to the adiabatic law. Let the energy leaving

the active region be insignificant and distributed over the

plate thickness so that its temperature obeys exponential

law T (t, z ) = Tadiab(t) exp
(

− z
2
√
αt

)

, where α is the thermal

diffusion coefficient [cm2/s], z is the coordinate directed
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along the structure growth inside the plate, t is the time

since the start of pumping. In this case, heat leakage from

the active region bulk is determined by the temperature

gradient at its interface with the plate material:

P leakage(t) = −κS
∂T
∂z

(t, z = 0), (6)

where κ is the plate heat conductivity coefficient, S is

the laser area. As long as the leakage is small, partial

contribution of the power consumption to the active region

heating may be defined in the approximation of the realistic

pump pulse front as

P leakage(t) = κS

U
t
∫

0

I p(x)dx

CAR

1

2
√
αt

. (7)

In this case, the power spent on heating the active region

is Pheating(t) = P total(t) − P leakage(t). Fig. 3 presents the

curve of this function in the interval of 0−50 ns (line 3).
Apparently, in the 0−30 ns region this curve is close to

the adiabatic approximation. The indicated limit of 30 ns

relates to the moment when the phonon diffusion in the

plate is characterized by spatial constant 2
√
αt ≈ 2µm (for

InP) which is comparable with the active region and plate

thicknesses equal to 2 and 4µm, respectively. This may

be interpreted as follows: during the first 50 ns from the

moment the pulse is applied, most of the released thermal

energy is spent almost adiabatically on heating the active

region, but a certain portion of it diffuses into the plates thus

creating a primary heat leakage channel. In the 50−100 ns

interval, the temperature gradient in the plate gets equalized,

which makes the temperature an almost linear function of

the plate thickness. After 100 ns, there opens an overall

leakage channel for the thermal energy releasing into the

radiator. After 450 ns, the temperature gradient in the plate

changes slowly, and its total increase during the transition to

the stationary mode is no more than twofold, since already

in 450 ns the gradient removes about 75% of the released

power.

Thus, in this work we have examined the influence of

the active region heating on the QCL operation in the

pulsed mode. We have shown that, in the mode with

the sub-microsecond pulse duration, the device thermal

regime can be assumed to consist of three phases. The

first phase (in the interval of 0−50 ns) is characterized by

almost adiabatic active region heating and formation of a

preliminary (nonlinear) temperature gradient in the plates.

The second phase (50−100 ns) is accompanied by further

heating of the plates, which gives rise to an almost constant

temperature gradient in the vicinity of the active region.

In the third phase (100−500 ns), formation of a constant

gradient in the plate region gets finished, and overall heat

removal into the radiator bulk begins. In this time interval, a

small part of the total released power is spent on heating the

active region. In this study, there was created a theoretical

basis for a systematic approach to developing the design of

new, more efficient QCLs.
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