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Abstract: An ensemble Monte Carlo model is used to evaluate the bias and temperature dependent performance
of a 4.1-THz quantum cascade laser with four-well resonant-phonon design. Carrier transport and gain
characteristics are investigated. A buleshift in lasing frequency with increasing temperature is clearly observed.
Because the broadening effect of temperature dependent gain profile is excluded in the model, our calculations
overestimate the peak gain and subsequently overrate the maximum operating temperature. Under a linear
approximation condition, the deduced maximum operating temperature is in good agreement with experiment.

The simulation also shows that the lasing frequency is insensitive to temperature.
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1. Introduction

Terahertz (THz) radiation source is the key device in the application of THz technology. As
a compact and coherent source, THz quantum cascade laser (QCL) in which the optical
transition can be tailored by engineering the multiple-quantum-well active layer attracts much
interests from researchers. Since the first demonstration of THz QCLs, significant
improvements have been made over the past few years [1,2]. Up to now, the available lowest
lasing frequency is 1.2 THz without the assistance of a magnetic field [3], the highest
operating temperature is 178 K in pulsed mode [4] and 117 K in continuous-wave (cw) mode
[5], and the highest light power is 248 mW [6]. Further performance improvement will lead to
wider applications. So the pursue of higher output power, higher working temperature, and
wider lasing frequency never stops.

In this article, we use an ensemble Monte Carlo (MC) method [7] to evaluate the bias and
temperature dependent performance of the non-equilibrium device. Carrier transport and
gain characteristics are investigated.

2. Device structure and Monte Carlo Model
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The device structure is based on a four-well resonant-phonon design and a double-metal
waveguide. The active region of the THz QCL comprises 178 repeats of the cascaded period
given in Fig. 1, where we show a calculated conduction-band profile together with the
squared wave functions of the most important states under the design bias of 59 mJ}/module
(11 kV/cm). As shown in Fig. 1, the THz phonon is generated from the radiation transition
between upper lasing level 5 and lower lasing level 4, where the transition energy Es4 and the
oscillator strength fs4 are calculated to be 17.5 mel (4.2 THz) and 0.68, respectively. Electron
depopulation in level 4 is achieved by fast resonant longitudinal-optical (LO) phonon
scattering into levels 1 and 2. The population inversion conditions, i.e., 7s=4.43 ps, 74=0.42 ps,
and 754=59 ps, are achieved at the design bias.

Fig. 1 Calculated conduction-band structure and squared wave functions of the most important states under the
design bias of 11 kV/cm. From the left injection barrier, the layer thicknesses of the four-well module are
48.1/79.1/19.8/65/42.4/158.3/33.9/90.5 in angstrom, where the Alj;5GaggsAs barriers are in boldface and
GaAs wells in plain text. The center 36 A of the underlined well is doped to 3.6x10'° cm™ per module.

The QCL wafer was grown by molecular beam epitaxy (MBE) on a semi-conducting GaAs
(100) substrate and fabricated into 40-um-wide and 1-mm-long double metal waveguide
structure using In-Au wafer bonding. An ensemble MC method, including electron-electron
(e-e), electron-LO-phonon (e-p), electron-impurity (e-i) scatterings, and the hot-phonon effect
[8], is used to evaluate the bias and temperature dependent performance of the THz QCL. The
single subband static screening model and the periodic boundary conditions are applied in the
MC model. To include the hot phonon effect in our MC model, the decay time constant of LO
phonon 710 should be assumed. Many theoretical and experimental work have been carried
out to determine the lifetime of LO phonon, which shows that 7o in bulk GaAs is between
3.5 to 10 ps. Actually, it is not easy to obtain a very precise value of LO phonon lifetime in
GaAs-based THz QCLs; consequently, we use 7.0=5 ps in our calculations. Details about the
MC model are available in our previous work [8-11].
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3. Results and discussion

Calculated carrier transport characteristics are shown by I-V curves in Fig. 2(a). The
diamonds are the sampling points and the dashed line provides a guide to the eye. As a
reference, the measured /-V curve is also indicated by a full line. The measured I-V curve is
adjusted to account for a parasitic series resistance of 1  and a parallel resistance of 150 Q
for fitting the simulated curve. We dunt a large parasitic current density at 7.4 kV/cm, where
the electrons are injected from the injection state 1' into lower lasing state 4 directly without
experiencing the radiative transition. The simulation agrees well with the measured result
under the fitting conditions. Because of the large energy separation between the lasing states,
the calculated parasitic current density (650 A/cm®) is much smaller than that of other
structures with lower lasing frequency [10]. Hence, we suggest that the parasitic current effect
is more severe in the structure with lower emission frequency which should be one reason for
the difficulty in achieving low-frequency THz QCLs. Figure 2(b) shows the gain
characteristic of the device. The peak gain of 66 cm™ is obtained at 11 kV/cm. To evaluate the
threshold of the device, we also calculated the threshold gain gg given by gw =(onmtow)/T,
where oy is the mirror loss, ayw is the waveguide loss, and I is the mode confinement factor.
We use the facet reflectivity of 78% to calculate the mirror loss [13]. The Drude model, with
relaxation time constants 7=0.1 ps and 7.0=0.5 ps for heavily doped GaAs contact layers and
lightly doped active region, respectively, is used to determine the waveguide loss. The gold
refractive index is assumed to be 163+ 1351 [14]. The one-dimensional calculation of the
waveguide yields a mode confinement factor I'=1. Finally, the calculated threshold gain is
about 23.2 cm™ shown in Fig. 2(b). From the threshold gain line, we can deduce the lasing
domain (10.7—13.6 kV/cm).

We also calculated the lasing frequency with increasing bias which is shown in Fig. 3. The
frequency in the lasing domain increases from 4.2 to 4.9 THz when the bias increases from 11
to 12.8 kV/cm. This spectral blueshift is due to the Stark shift of the intersubband gain curve
versus applied electric field which is expected in the structures based on a nonintrawell
transition [12].

The temperature evaluation of the device is carried out at the injection anticrossing bias and
main results are shown in Fig. 4. In Figure 4(a), we plot the calculated current density J (left)
and hot-phonon number (right) as a function of temperature. With the increase of temperature,
the current density J is increasing monotonously. Similarly, by including the hot-phonon
effect in our MC model, we find that the hot-phonon number shows a rapid increase from a
few hundreds at lower temperatures to nearly 5x107 at 125 K on an arbitrary scale which
indicates that LO-phonon emission is enhanced in a great degree with increasing temperature.
Besides, the increase in hot-phonon number also reflects the importance of the hot-phonon
effect in the simulations of carrier transport of the non-equilibrium devices, especially for
high-temperature performance evaluation. The temperature dependent gain characteristics are
shown in Fig. 4(b). The decreasing gain from 70 to 40 cm™ with increasing temperature is
clearly observed. Assuming the threshold gain for the device to be 23.2 ¢m™, the extrapolated
maximum operating temperature is greatly higher than our measured value (90 K). The
discrepancy between the simulation and the measurement is attributed to the exclusion of the
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Fig. 2 (a) Calculated I-V characteristic of the device. The diamonds are sampling points and the dashed line
provides a guide for the eye. As a reference, the measured curve is also indicated by a full line. (b)

Material gain for a range of biases. The calculated threshold gain gy, is also indicated.

Fig. 3 Calculated lasing frequency of the THz QCL as a function of electric field.

broadening effect of temperature-dependent gain profile in our model. The increased
broadening with increasing temperature will degrade the peak gain. The gain is proportional
to f54xANsa/Av [11], here fs4 is the oscillator strength, ANs4 is the population inversion, and Av
is the full width of half maximum of the electroluminescence spectrum below threshold. In
our calculations, we don't include the broadening effect and assume Av to be a constant value
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under all different temperatures. In fact, Av, reflecting the broadening effect of gain profile, is
increasing with temperature. Thereby, our calculations overestimate the gain and
consequently overrate the maximum operating temperature. However, if we suppose Av
increase linearly from 2.6 THz at 25 K to 3.6 THz at 125 K, using an approximate formula
Av=ts"+14"', another gain curve is obtained shown in Fig. 4(b) [lower curve]. Under the linear
approximation condition, the maximum operating temperature is about 90 K which is
consistent with the measurement.

Fig. 4 (a) Calculated current density (left) and hot-phonon number (right) as a function of temperature. (b)
Material gain with (lower) and without (upper) broadening effect for different temperatures. The

threshold gain line is also indicated by a dashed line.

An investigation on the evolution of lasing frequency with temperature shows that the
calculated lasing frequency is between 4.21 and 4.24 THz with the increase of temperature
from 25 K to 125 K. The lasing frequency is mostly determined by the band structure, i.e.,
energy separation between lasing levels (Ess). In our MC simulation, the calculated Esg4
changes slightly which results in a relatively stable lasing frequency with increasing
temperature. Compared with rigidly bias dependent lasing frequency, the frequency is more
insensitive to temperature.
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4. Conclusions

In conclusion, we have used an ensemble MC method, including e-e, e-p, e-1 scatterings,
and the hot-phonon effect, to evaluate the bias and temperature dependent performance of a
4.1 THz QCL. Carrier transport and gain characteristics are investigated. Due to the Stark
effect, a blueshift of the emission spectra with increasing drive current is clearly observed. In
the temperature evaluation of the device, we overestimate the peak gain and consequently
overrate the maximum operating temperature because the temperature broadening of the gain
profile is excluded in our MC model. Under a linear approximation condition, the deduced
maximum operating temperature is in good agreement with experiment. The simulation also
shows that the lasing frequency is insensitive to the temperature.
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