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Abstract. Quantum Cascade Lasers (QCLs) as Terahertz (THz) frequency sources offer a
potentially viable solution for new applications in mid and far-infrared frequency bands. This
research work exhaustively investigates the temperature dependence on the impedance of
temperature dependent Quantum Cascade Lasers (QCLs) operating at 116um, for the first time.
In the 90-stage QCL considered for the work, the cold finger temperature is varied from 15K to
45K. When the device is biased at 0.6A current along with a cold finger temperature of 45K,
the magnitude of intrinsic impedance was found to be 23.91mQ, at a frequency of 4GHz. As
the cold finger temperature is increased from 15K to 45K, the impedance response of the
device becomes flat and stays constant. At 45K with an injected current of 1.5A, maximum
impedance of 3.1mQ is obtained. The resonant frequency characteristics of the device increase
with increase in injected current and cold finger temperature. Also, it is observed that the
magnitude of intrinsic impedance decreases with increase in injected current. The impact of
cold finger temperature on the intrinsic impedance characteristics are detailed for prospective
Radio over Fiber (RoF) applications.

1. Introduction

QCLs are one of the most promising sources of high-power terahertz radiation generated by inter sub-
band transition [, Very recently, QCLs operate at room temperature produce larger power [2, 3]. The
mid-IR region of operation of QCLs aids in detection of gaseous molecules in the atmosphere [4].
Gain switching based applications of QCL are well documented in [5-7]. Free Spaced Optics based
applications of QCL are simulated and analyzed in [8-12]. Impedance characteristics have been well
documented for QCLs and semiconductor laser diodes [8, 13]. Bistable behavior has been theoretically
analyzed in normal and Quantum cascade lasers [11, 14]. The design of an end-to-end QCL based
FSO link incorporating the device parameters is analyzed in [15]. However, an exhaustive numerical
simulation on the temperature dependence of impedance for this device has not been documented
anywhere. Hence, this work numerically computes the intrinsic impedance of the device for various
cold finger temperatures and at different currents. The impedance characteristics of the device is vital
for developing electrical signal sources to drive the QCL efficiently. The device considered for the
study has threshold currents of 0.44A, 0.49A and 0.54A at cold finger temperatures of 15K, 35K and
45K respectively [16, 17]. The rate equations of temperature dependent QCL are solved numerically,
to evaluate the device characteristics.
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2. Computation of Intrinsic Impedance from rate equations
Temperature dependent QCLs are modelled using three-level rate equations [16, 17] as given from
equation 1 to 5 below.
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Where Ns, N2, S, Popt denote electron numbers in level 3 and 2, photon number and optical power output
from the QCL respectively. T and V represent cold finger temperature and junction voltage respectively.
Upon solving the rate equations, steady state characteristics are obtained and figure 1 represents the
steady state characteristics of the device having a threshold current of 0.44A, 0.49A and 0.54A at 15K,
35K and 45K respectively, under voltage independent and dependent conditions. The steady state
temperature of the device is shown in figure 1c. Since the steady state results are exactly identical with
the results of [16, 17], small signal analysis is done now to formulate the impedance of the device. All
the variables exhibit complex exponential variation as denoted from equation 6 to 11.

N3 = N3g + N3(w) e/©t (6)
N, = Nyg + Ny (w)el®t (7
S =S, + S(w) et (8)
T =T + T(w) e/t 9)

[ =15+ I(w) et (10)

V =V + V(w) el®t (11)

In the above equations, the variables suffixed with ‘s’ indicate their steady state values. Upon solving,
equation 1 to 4 and equation 6 to 11 by substitution and re-arranging, the values of N3(®), N2(®), S(®) are
deduced. The calculations are shown below.
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Figure 1 (a) Voltage independent Current-Power characteristics of QCL (b) Voltage dependent Current-
Power characteristics of QCL (c) Voltage independent Current-Temperature characteristics of QCL

Equations 12, 13, 14 and 15 give the frequency dependent expression for all the variables involved.
Eqg. 21 characterizes the impedance of the device under varying frequency and currents, where Vr
(=kT/q) signifies the thermal equivalent voltage.

v
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v
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The frequency dependent impedance characteristics of QCL as obtained by computing Z(®) using
equation 21 is shown in figure 2.
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Figure 2 Impedance Characteristics of the device for (a) T=15K (b) T=35K (c) T=45K

Resonance is exhibited by this device at a particular frequency for a given current. Since the device is
lasing at a particular wavelength, resonance also occurs around this wavelength. The resonant
frequency slightly shifts towards the higher side due to change in injected current or operating
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conditions of the device. The resonance effect is more pronounced at a cold finger temperature of
15K.The same is observed in figure 2. When the injected current is close to threshold current at a
particular cold finger temperature, the impedance characteristics remain flat and fall off as the
frequency is increased. At higher currents, resonance is exhibited. This behavior is depicted clearly in
figure 2 for various cold finger temperatures of 15K, 35K and 45K. Until resonance, the impedance
remains constant. The intrinsic impedance and the resonant frequency are found for various injected
currents and at different cold finger temperatures. The result is shown in figure 3.
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Figure 3 (a) Impedance Characteristics at 1.5A for various cold finger temperatures (b) Current
vs Resonant Frequency characteristics (c) Current vs Impedance characteristics

From figure 3a, it is evident that at 1.5A of current injected into the device, the magnitude of
impedance is maximum at 45K while it is least at 15K. This behavior is observed for all currents. As
the injected current is increased, the resonant frequency also increases linearly. For any given current,
resonant frequency is always maximum at 15K as in figure 3b. Further, impedance decreases as the
magnitude of injected current is increased as depicted in figure 3c.
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3. Conclusion

In this work, computation of temperature dependent intrinsic impedance of QCL is reported for the
first time. Simulation results conclude that, for a cold finger temperature of 45K and injected current
of 0.6A, the intrinsic impedance was found to be 23.91mQ at a frequency of 4GHz. As the cold finger
temperature is increased from 15K to 45K, the impedance response of the device becomes flat and
stays constant. This constant impedance characteristics of the device can be exploited for potential
RoF and 5G applications. Irrespective of the current injected into the device, the magnitude of intrinsic
impedance is always maximum at 45K. At 45K with an injected current of 1.5A, maximum impedance
of 3.1mQ is obtained. The resonant frequency characteristics of the device increase with increase in
injected current and cold finger temperature. Also, it is observed that the magnitude of intrinsic
impedance decreases with increase in injected current.
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