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We measured the thermal resistance (R=20.1 K/W) and the electrical power dependence of the

electronic

temperature (R,=27.0 K/W) of THz

quantum-cascade lasers (QCLs) with

bound-to-continuum active region scheme in the lattice temperature range of 30—100 K. This
information, obtained from the analysis of microprobe photoluminescence spectra for QCLs
operating at 2.5 THz, gives an electron-lattice energy relaxation rate (0.1 ps™') ~50 times lower
than THz QCLs with resonant-phonon active region scheme. © 2006 American Institute of Physics.

[DOL: 10.1063/1.2211301]

The quantum-cascade laser (QCL) is one of the most
promising compact sources for the generation of far-infrared
coherent radiation. Electron energy relaxation processes
such as e-e, electron-longitudinal optical (LO) phonons, im-
purity, and interface roughness scattering jointly with free-
electron absorption processes affect the operating efficiency
of QCLs, leading to the establishment of a nonequilibrium
electronic distribution that strongly influences the device
high temperature operation. In THz QCLs the intersubband
energy spacing is typically smaller than the LO-phonon en-
ergy. Therefore the LO-phonon emission is drastically re-
duced, whereas the e-e scattering becomes relevant. The op-
timization of the active region design based on the
bound-to-continuum®®  (BTC) or the resonant—phonon4
schemes allowed the achievement of low threshold current
densities™ or high operating temperatures in the range of
137-160 K (Ref. 4) in the spectral range of 2—4.8 THz.

Recently, we have studied the hot-electron distribution in
resonant-phonon THz QCLs.® We found that the perfor-
mance of this class of devices is strongly influenced by the
high electronic temperature of the excited laser level and that
the electron-lattice energy relaxation rate is comparable with
that of mid-IR QCLs.7 In this work, we focus on the BTC
scheme.” A miniband is used for the depopulation of the
lower radiative state via e-e scattering. The upper radiative
state is designed to fall in the first minigap in order to have a
diagonal laser transition to enhance carrier injection and de-
crease nonradiative scattering into the lower miniband.

In this letter we report on the simultaneous determina-
tion of the electronic (7,) and lattice (T;) temperatures both
below and above the laser threshold as a function of the
electrical power (P) in high-performance QCLs, based on
the BTC scheme and operating at 2.5 THz. The calculated
conduction and valence band structures are shown in Fig 1.
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A detailed description of the device structure is reported in
Ref. 3. Our approach is based on the analysis of band-to-
band photoluminescence (PL) spectra measured in devices
operating in continuous mode. PL spectra were obtained by
focusing the 647 nm line of a Kr* laser onto the laser facet
down to a spot size of =2.5 um, using an optical power
density as low as ~245 W/cm?. The laser excitation mostly
provides the valence band holes needed to probe the elec-
tronic population via band-to-band radiative recombination.
The detailed description of the PL apparatus is reported in
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FIG. 1. Conduction (a) and valence (b) band structures of Iperiod of the
investigated sample calculated using a self-consistent Schrodinger-Poisson
solver at 28.2 mV per stage. A 66% conduction band offset is used.
The thicknesses in nm of the layers are (from right to left, starting at
the injection  barrier)  3.9/9.6/0.6/19.9/0.6/19.4/0.6/17.5/0.6/14.7/1.5/
14.4/2.4/13.4/3.2/13.7. A 10 nm thick portion of the underlined GaAs well is
doped to n=2.5 X 10'* cm™3. The shaded area M, (M,) represents the lowest
energy (a higher energy) miniband. The wave function square modulus of
the excited laser state (bound level) is labeled as b.

© 2006 American Institute of Physics
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FIG. 2. Representative photoluminescence spectra measured at different
electrical powers (P), each plotted as a function of the energy difference AE
with respect to the corresponding main peak energy Ep. The heat sink tem-
perature is 35 K. The arrows labeled with M; mark the energies of the
transitions between levels in the conduction minibands (M_ ,-) and valence
subbands [see Figs. 1(a) and 1(b)]. The arrows marked with byy and by g
indicate the heavy-hole and light-hole exciton peaks. Inset: Measured shift
AEp of the main peak energy (@), calculated variation of conduction and
valence subbands confinement factors A(E-+E,) (H), and band gap thermal
shift AE, (V) plotted as a function of P. The lines are guides for the eye.

Ref. 8. We use the facet temperature as a close estimate of
the internal one due to the absence of nonradiative surface
electron-hole recombination processes in unipolar devices.
Experimental investigations based on an interferometric ther-
mal mapping technique9 showed that the temperature does
not change along the Waveguide.lo’“

Figure 2 shows a set of representative PL spectra col-
lected at different P values. The peak energy (Ep) of the
main PL band varies with P due to the combined effects of
Joule heating and quantum confinement. Each spectrum is
plotted as a function of the energy difference AE with re-
spect to the corresponding Ep value. At zero current, the PL
spectrum shows a single band associated with band-to-band
transitions between levels in the injector miniband M|,
where the vast majority of electrons sit and valence sub-
bands. When electrons are tunnel injected into the excited
laser level b, additional features appear on the high energy
tail of the main PL band. The two peaks at AE=0.012 eV
and AE=0.018 eV are ascribed to the heavy-hole (byy) and
light-hole (byy) excitons arising from level b. This assign-
ment is supported by the following facts: (i) energy level
calculations show that the by and by peaks can be associ-
ated with level b only, whereas assignments involving the
active region minibands M, and M, are excluded; (ii) the
energy separation (byp-byy~ 6 meV) is coincident with the
HH-LH splitting of excitons in large (17-18 nm) GaAs
quantum wells;'? and (iii) the line shape is Lorentzian'> with
a small linewidth (1.3—1.6 meV),'* as shown in Fig. 3 and
discussed later.

The observation of excitons associated with ground state
subbands in PL spectra is a well studied subject. Experiments
show that the threshold concentration at which the collapse
of excitons due to the charge induced screening of the Cou-
lomb potential takes place is sample dependent and reaches
the value n.~ 10'° cm™ in quantum structures grown under
the same experimental conditions of the investigated
devices."” In our structure excitons associated with the mini-
band M cannot be observed because the electron sheet den-
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FIG. 3. Dashed line: Photoluminescence spectrum at P=2 W. Solid line:
Calculated PL components peaked at the theoretical energies of relevant
band to band transitions. The low energy side of the curves labeled as M,
and M, is a Lorentzian. The high energy side is an exponential decay func-
tion ccexplE/ kBTQJ. The curves labeled byy and byy are Lorentzians. The
experimental data have been fitted leaving Té" LT f’ 2 the band intensities and
the linewidth of the HH and LH exciton peak as fitting parameters.

sity (3.5%X10'° cm™2)>n, in the leftmost four quantum
wells of Fig. 1(a). The condition for the observation of exci-
tons associated with excited states is much less known. On
the other hand, the wave function of level b mainly extends
in an 85 nm thick spatial region [four rightmost quantum
wells in Fig. 1(a)] characterized by a negligible static elec-
tronic density and the level of carrier injection on subband b
is at least one order of magnitude lower than that of the
injector subbands. The Debye screening length
Ap=9-15 nm in the investigated lattice temperature range.
Hence, stable excitons associated with level b can exist in
our samples.16 Previous PL experiments on resonant-phonon
THz QCLs did not show evidence of excitonic structures.’
This is due to the much smaller spatial extension of the upper
laser level wave function (~17 nm), comparable with
A\p (15-22 nm). Finally, we ascribe the high energy band at
AE~0.028 eV in Fig. 2 to transitions involving conduction
subbands confined in the miniband (M,) that becomes pro-
gressively populated with the applied electric field.

The redshift of the main PL peak as a function of P can
be used to extract the device local lattice temperature, pro-
vided that the calculated field induced shift of the confine-
ment energies is properly considered. The following relation
holds: AE,=AEp—A(Ec+Ey), where Ec and Ey are the
ground state conduction and valence band confinement ener-
gies, respectively. AE, is the temperature induced shift of the
energy gap. In the inset of Fig. 2 the measured value of AE,,
the calculated values of A(Ec+Ey), and the resulting AE,
are plotted as a function of P. Comparison of AE, with a
calibration curve, collected by probing the device at zero
current while varying the heat sink temperature, gives 7

The electronic temperatures were extracted from the line
shape analysis of PL spectra. In the case of band-to-band
transitions, the fitting function was obtained by joining a
Lorentzian on the low energy side with an exponential decay
scexpl—E/kgT"i] on the high energy side.’ Due to the close
energy spacing of the conduction subbands, we assumed a
common electronic temperatur 7% within each miniband.
For excitonic peaks, Lorentzian line shape functions, charac-
teristic of exciton PL bands in the presence of homogeneous
broadenings and weak exciton-phonon Coupling,13 have been
used. Figure 3 illustrates the application of this method to the
PL spectrum collected at P=2 W.
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FIG. 4. Mean lattice temperature 7, (M) and miniband electronic tempera-
tures T’e" 1 (@), Tﬁ”z (V) in the active region of the investigated device mea-
sured as a function of the electrical power (P) at the heat sink temperature of
Ty=35 K. The lines are linear fits to the data. (b) Ratios between the areas
of the PL bands byy, M, (M) and by, M, (@) plotted as a function of P. (c)
Ratios between the areas of the PL bands M, and M plotted as a function of

(d) Peak optical power plotted as a function of P measured at
Ty=35 K. The shaded area marks the lasing region.

The electronic and lattice temperatures 7%/ and T, are
plotted in Fig. 4(a) as a function of P. The fitting procedure
to extract 7! and T2 was restricted to the range P=1 W,
where tunnel injection into the upper laser level becomes
efficient. The electronic temperatures of subbands belonging
to the minibands M, and M, are coincident within ~3 K and
increase linearly with P with a slope R,=27.0 K/W, larger
than the thermal resistance R=dT;/dP=20.1 K/W. The ex-
istence of a common 7, value in the active region subbands
demonstrates that the vast majority of electrons share the
same electronic temperature. Due to the excitonic nature of
the PL peaks arising from electrons that populate the upper
laser level b we cannot extract the electronic temperature of
this level. However, the line shape analysis allows to esti-
mate the electronic population of level b with respect to that
of the active region injector miniband.

Figure 4(b) shows the ratios Ap/Au, and A, 1Ay
between the areas of the PL bands byy, M and by, M,
plotted as a function of P. For comparison, the ratio between
the areas of the bands M, and M, is also plotted in Fig. 4(c).
The ratio Ay, /Ay, increases in the investigated P range.
Both ratios A”HH/AMl and A,,LH/A M, increase up to the laser
threshold (1.20 W), remain nearly constant from the thresh-
old to the rolloff (2.20 W), likely reflecting the clamping of
the optical gain, and decrease at P>2.20 W due to the re-
duction of the injection efficiency into level b. The latter
effect and the increased current leakage into the miniband
M, lead to the ceasing of the laser action at P=2.95 W. In
particular, the leakage channel represents key limiting factors
for the device high temperature operation (7,,,=50 K).

From the measured R, and R values we calculated a
difference (R,—R)=6.9 K/W, significantly higher than that
measured in the case of resonant-phonon QCLs.” This value
is determined by the energy exchange rates between elec-
trons, optical phonon, and acoustic phonon subsystems and
demonstrates that the electron-phonon interaction is not
strong enough to efficiently dissipate the electron extra en-
ergy via optical-phonon emission. The calculated electron-
lattice energy relaxation rate®!"1® TEI=O.1 ps~! can be com-
pared with that, significantly higher, measured in the case of
resonant-phonon THz QCLs (7' =4.9 ps™'). The huge differ-
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ence can be explained by considering that in BTC devices
due to the low intersubband spacing (<0.036 eV) the e-e
scattering becomes the dominant channel for carrier thermal-
ization, while cooling of the electronic ensemble is assured
by e-LO-phonon scattering only for those electrons that ac-
quire sufficient energy by e-e or e-interface roughness scat-
tering. Most of the electrons dissipate their excess energy via
the less efficient acoustic phonon-assisted transitions. This is
very different from the case of mid-IR or resonant-phonon
THz QCLs that use LO-phonon assisted transitions as the
main depletion mechanism, thus allowing an efficient cool-
ing of the electronic ensemble. As a consequence, in the case
of BTC structures, the electron energy relaxation is less ef-
ficient. This is a relevant aspect of temperature performance
degradation in BTC THz QCLs and should be considered for
the design of optimized quantum structures, aiming at better
temperature performance. Possible solutions are (i) the inser-
tion of a phonon stage,19 0 by adding a wide well, between
the active region and the injector to assure a more efficient
electronic cooling and (ii) the design of more diagonal opti-
cal transitions to increase the upper laser level lifetime and
the injection efficiency, thus reducing the leakage channels.
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