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The electronic temperatures of the conduction subbands, the local lattice temperature, and the
electron-lattice energy relaxation times (7z) in bound-to-continuum GaAs/Al,Ga,_,As quantum
cascade lasers, operating at 2.9 and 2 THz, are reported. This information has been gathered from
the analysis of microprobe photoluminescence spectra collected during device continuous wave
operation. We find that the electronic distributions in both the active region and the injector are
thermalized and that all subbands share the same electronic temperature. The efficiency of electron

cooling increases with the conduction band offset. © 2006 American Institute of Physics.

[DOL: 10.1063/1.2357042]

Low frequency, compact and coherent terahertz sources
are highly desirable for a wide range of applications, includ-
ing imaging, sensing, and spectroscopy. THz quantum cas-
cade lasers (QCLs) have shown considerable performance
improvement since their demonstration' and operation at 2 or
1.9 THz (Refs. 2 and 3) has been recently achieved. How far
the operating frequency can be further reduced still remains
an open issue. One of the major obstacles is the fact that the
transition energy becomes comparable to the subband broad-
ening, hindering the selective injection, and extraction of car-
riers into the upper state and from the lower state of the laser
transition, respectively.

In previous works, we have demonstrated how in bound-
to-continuum (BTC) terahertz QCLs the inefficient elec-
tronic cooling, is an important cause of the performance deg-
radation with temperature.4 The energy relaxation is by far
more efficient in resonant-phonon (RP) terahertz QCLs,
thanks to the availability of electron-phonon scattering chan-
nels. However, in this class of devices the formation of a hot
electron distribution in the upper radiative state is a key lim-
iting factor for high temperature operation.5 No experimental
or theoretical study on the electronic temperature of the up-
per laser level in BTC terahertz QCLs has been reported so
far.

In this letter we report on the subbands electronic (Tje)
and local lattice (7;) temperatures of far-infrared
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GaAs/Al,Ga;_As BTC QCLs operating at 2.9 THz
(sample A)° and 2 THz (sample B)* grown by molecular
beam epitaxy with different Al mole fractions. We compare
the electron-lattice energy relaxation rates and investigate the
role of the conduction band offset on the electronic and ther-
mal properties of terahertz QCLs.

The conduction and valence band structure of a single
period of the investigated devices calculated at threshold for
lasing are shown in Figs. 1(a)-1(d) for samples A and B. In
both cases, the upper laser level consists of a single isolated
subband, while the bottom state lies at the top of a group of
closely spaced subbands. This scheme ensures the efficient
electronic injection into the upper state via resonant tunnel-
ing and the fast depopulation of the lower state via elastic
scattering. The active region of samples A (B) is 11.57
(14.02) pm thick and consists of 90 (110) periods of a
GaAs/Al,Ga,_,As heterostructure.”® In sample A (B) the Al
mole fraction in the barriers is 15% (10%). In both cases, the
optical waveguide relies on surface-plasmon modes formed
at the interface between the top contact metallization and the
semiconductor.’ Identical mounting configurations have been
used for both devices.

Our experimental method is based on microprobe band-
to-band photoluminescence (PL) experiments carried out on
devices operating in continuous waves both below and well
above the laser threshold. We kept the laser induced electron
heating below ~5 K by using an incident optical power den-
sity of ~6 kW/cm?, thus maintaining the electronic distribu-
tion practically unpelrturbed.8

© 2006 American Institute of Physics
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FIG. 1. Conduction (a-c) and valence (b-d) band structures of 2 periods of
samples A (a)—(b) and B (c)—(d) calculated with a voltage drop of 27 mV
(sample A) and 16 mV (sample B) per stage at the threshold for alignment.
Starting from the injection barrier, the layer sequence for sample A in na-
nometers is (from right to left) 3.8/14.0/0.6/9.0/0.6/15.8/1.5/12.8/1.8/
12.2/2.0/12.0/2.0/11.4/2.7/11.3/3.5/11.6. For sample B, starting from the
injection barrier, the layer sequence in nanometers is (from right to left)
5/14.4/1.0/11.8/1.0/14.4/2.4/14.4/2.4/13.2/3.0/12.4/3.2/12.0/4.4/12.6.
AlGaAs layers are shown in bold and the underlined GaAs wells are n
doped at 1.6X10'® cm™ (sample A) and 1.3 X 10'® cm™ (sample B). The
shaded area M| (M) represents the lowest energy miniband. M, (M5) marks
a higher energy miniband. The wave function square modulus of the excited
laser state (bound level) is labeled b.

Figures 2(a) and 2(b) show a set of representative PL
spectra measured in samples A and B for different values of
the electrical power (P). In both cases, at zero bias, a single
band associated with radiative transitions involving the injec-
tor miniband M, is present. Under bias, while electrons are
tunnel injected into the upper laser level, additional features
appear on the high energy tail of the PL band M. Further-
more, as a result of the combined effect of Joule heating and
Stark shift induced by the applied electric field, M, shifts
with P, as shown in the insets of Figs. 2(a) and 2(b) for
samples A and B, respectively. The estimated electric field
effect is a factor 1.4 times larger in sample A with respect to
sample B, as expected considering the different designed
biases.

The PL peaks labeled with byy in Fig. 2 correspond to
heavy-hole (HH) excitonic transitions associated with level
b.” A comparison between the PL spectra collected for
samples A and B shows that, in the latter case, the intensity
of the band byy is a factor of 3 lower. This can be explained
by comparing the Debye screening length (\ ) with the spa-
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FIG. 2. Representative photoluminescence spectra of samples A (a) and B
(b) measured at different P values, each plotted as a function of the energy
difference AE with respect to the corresponding peak energy Ep of the low
energy PL band M. The heat sink temperature is 45 K for sample A and
25 K for sample B. The arrows labeled M; mark the energies of the transi-
tions between levels in the conduction minibands (M j) and valence sub-
bands. The arrows marked with by (byy) indicate the heavy-hole ( light-
hole) exciton peaks. The arrows indicated with b mark the energy of the
transition between level b and a valence subband. Inset: Peak energy Ep of
the PL band M, plotted as a function P. The lines are a guide for the eyes.
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FIG. 3. Dashed line: photoluminescence spectrum at P=1.5 W (a) and at
P=1.6 W (b) measured, respectively, for samples A and B. Solid line: cal-
culated PL components peaked at the theoretical energies of relevant band-
to-band transitions. The low-energy side of the curves labeled M, M,, and
b is a Lorentzian. The high-energy side is an exponential decay function
cexplE/ kBYZJ. Curves relative to the by transition are Lorentzians with a
phenomenological broadening I'/2. The experimental data have been fitted
leaving Tng, TEMZ, Tf the band intensities and I'/2 as fitting parameters.

tial extension of the wave function (/) associated with level
b; while for sample A A\, is in the range of 18—23 nm and
l,~59 nm, in the case of sample B, 15<A;p<<20 nm and
l,,~42 nm. Therefore, the screening effect is stronger in the
latter case, thus reducing the intensity of excitonlike transi-
tions. The PL bands labeled b are ascribed to band-to-band
radiative transitions involving the upper laser level b. In
Figs. 2(a) and 2(b) we also report the calculated energy po-
sition of the corresponding light-hole (LH) excitonic transi-
tion by . The intensity ratio between LH and HH excitons is
known to be strongly temperature dependent and can be as
low as 1072-107" in the range 40—100 K.? Hence, the obser-
vation of LH excitons is hindered in our spectra. Finally, the
high energy PL band in Fig. 2(a) is due to transitions involv-
ing the active region upper miniband M,. Its presence can be
explained in terms of thermally activated electron leakage
from the top of the injector miniband M| nearly resonant
with the bottom of M,. This feature is absent in the spectra of
sample B [Fig. 2(b)], since the lower operating bias ensures
that the top of miniband M| is separated from the bottom of
miniband M, by an energy greater than kBT/é, where kg is the
Boltzmann constant. Also, the expected reduction of inter-
face roughness scattering in sample B, resulting from the
use of a smaller Al mole fraction in the barriers, helps to
reduce electron leakage.

In order to extract 7;, we have compared the redshift of
the main PL peak as a function of P with that obtained by
varying the heat sink temperature with the device at zero
bias. The electronic temperatures 7/ were extracted from the
line shape analysis of each PL spectrum. For P=1.15 W,
close to the threshold for lasing, an excellent reproduction of
the PL is obtained by considering band-to-band transitions
with an overlap integral of the envelope functions >0.25 and
by leaving 7, and the band intensities as fitting parameters.
Figures 3(a) and 3(b) illustrate the application of this method
to PL spectra collected at P=1.5 W (A) and P=1.6 W (B).
The fitting procedure gives an upper value for the intensity
ratio between LH and HH excitons of ~10~" and ~1073 for
samples A and B, respectively. Accordingly, LH excitons
have been disregarded.

The measured 7%, and T}, values are plotted as a function
of P in Figs. 4(a) and 4(b) for samples A and B, respectively.
In case of sample B, we have restricted our analysis to 7},
>35 K, where the variation of the energy gap with tempera-
ture (dE,/dT>0.3 meV/K) leads to unambiguous evalua-
tions. The electronic temperatures of the active region lower
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FIG. 4. Mean lattice temperature 7; (M) and subband electronic tempera-
tures 72! (@), T2 (V) in the active region of samples A (a) and B (b)
measured as a function of P with heat sink temperatures of 45 K and 25 K,
respectively, for samples A and B. The lines are linear fits to the data. The
shaded areas mark the lasing region.

energy levels increase linearly with P with the slopes
REA)=23.2 K/W and RiB)=24.5 K/W that are significantly
larger than the corresponding thermal resistance values
RW=17.3 K/W and R”'=15.6 K/W. It is worth noting that
the electronic temperatures of the upper laser level T’e’ and of
the lower miniband M, are equal within ~6 K (sample A)
or ~2 K (sample B). Moreover in sample A, the electronic
temperature of the second miniband M, is nearly equal to
that of M. This result demonstrates that, in BTC QCLs all
the subbands share the same electronic temperature. This
condition is potentially beneficial to obtain better device per-
formance at high temperatures by reducing the increase with
temperature of the nonradiative scattering rate from the up-
per laser level compared to the bottom level.

To compare the thermal properties of the investigated
devices we have extracted the normalized thermal resistance
RZ:RLXS/d, where S and d are the device area and the
active region thickness, respectively.7 We obtained
R/(A)=374 Kcm/W and R;(B)=27.8 Kcm/W. We as-
cribe the lower value measured for sample B to (i) the lower
Al concentration and (ii) the larger barrier and well thick-
nesses. Both these effects lead to the reduction of interface
roughness scattering11 thus increasing the thermal
conductivity. 12

From the measured R, and R; values we have extracted
the  electron-lattice ~ energy  relaxation time 7
=[N_,Nkg(R,—R;)]. In terahertz QCLs, the energy exchange
rates between electrons and both optical and acoustic phonon
subsystems contribute to 7. The results are reported in Table
I, where we have included the values of 7 measured in
devices based on the same active region of sample A, but
processed with metal-metal Au/Au (sample C) and In/Au
(sample D) waveguide conﬁgurations.l‘ The results for
samples A, C, and D are practically coincident, demonstrat-
ing that the electron-lattice coupling is mostly determined by
the quantum design of the gain medium. The 7 value of
sample B is larger by a factor of ~1.6. This is mainly due to
the reduced band-offset and to the reduced energy separation
between the ground state level of the miniband M| and the
top of the tunnel-injection barrier, ~2 times lower in sample
B with respect to sample A. Both these effects increase the
number of thermally activated electrons leaking in the con-
tinuum, thus leading to an additional increase of the elec-
tronic temperature.l Although electron-electron interaction
ensures the establishment of a thermalized hot electron en-
ergy distribution in each subband, the measured large 7 val-
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TABLE I. Comparison between the electron-lattice energy relaxation times
7 of a set of investigated terahertz QCLs, classified following their emis-
sion frequency (v) and type of waveguide (Ref. 13) (sp and m-m represent a
surface-plasmon and a double-metallic waveguide, respectively).

Sample v (THz) Waveguide 7z (ps)
A 2.9 sp 3.7
B 2 sp 5.8
c? 2.9 m-m Au/Au 3.3
D* 2.9 m-m In/Au 3.6
“See Ref. 13.

ues, are due to the lack of efficient electron-optical phonon
relaxation channels.

In summary, in this letter we have shown that the use of
a lower Al mole fraction and the related possibility to em-
ploy thicker barriers produce the reduction of interface
roughness scattering, which leads to the enhancement of the
active region thermal conductivity and thus improves the de-
vice thermal management. However, the use of a lower con-
duction band offset is disadvantageous for the electronic
cooling. Our results demonstrate that the electron-lattice en-
ergy loss rate is not affected by the choice of the fabrication
technology. Also, we observe that in BTC terahertz QCLs the
electronic temperature of the upper radiative state is consid-
erably reduced with respect to RP devices.” At the same time
BTC terahertz QCLs show longer 7 values. Therefore, a
BTC active region scheme, modified by adding a phonon-
depletion stage, is a potential solution to extend terahertz
QCL operation at higher temperatures.
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