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Analysis of transport properties of tetrahertz quantum cascade lasers
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We present a self-consistent modeling of a 3.4-THz intersubband laser device. An ensemble Monte
Carlo simulation, including both carrier—carrier and carrier-phonon scattering, is used to predict
current density, population inversion, gain, and electron temperature. However, these two scattering
mechanisms alone appear to be insufficient to explain the observed current density. In addition, the
insufficient scattering yields a gain that is slightly higher than inferred from experiments. This
suggests the presence of a non-negligible scattering mechanism which is unaccounted for in the
present calculations. @003 American Institute of Physic§DOI: 10.1063/1.1590749

Over the past several years, the quantum cascade lasgorrection, which we have verified both analytically and nu-
(QCL) has proven to be a very successful source for midmerically, results in a factor-of-4 lower e—e scattering rate
infrared and, more recently, far-infrargigrahertaTHz)] co-  than in Refs. 6 and 7. Due to the relatively low Al content in
herent radiatiort—® Despite their many similarities, mid- and the simulated GaAs—AlGaAs structures, the use of bulk LO-
far-infrared QCLs show a qualitative difference in the dy-phonon scattering rates is a good approximatfbRoth
namics of electron transport. For mid-infrared QCLs, the ra-acoustic and hot-LO-phonon scattering, including emission
diative transition energyiw exceeds the longitudinal optical and absorption processes, were included in the simulations.
(LO) phonon energyiw, o and electron transport is domi- A time constant ofr="5 ps was assumed for the decay of LO
nated by LO-phonon scattering. In the THz frequency rangephonons into acoustic phonons. The acoustic phonons are
wherefiw<fiw o, only the high-energy tail of a hot elec- assumed to follow a Bose—Einstein distribution at the lattice
tron distribution is subject to the LO-phonon scattering,temperature. No phenomenological parameters were intro-
which results in a significantly higher temperature sensitivitygyced.
for the electron transport and a far greater importance of |t should be noted that some qualitative issues still re-
electron—electrole—¢ scattering. The long delay in the de- majn, particularly concerning wavefunction coherence and
velopment of THz QCLs is testimony to the difficulty of |ocajization. In the present MC model, the Satlirmer equa-
achieving population inversion involving these complicatediion is solved for a band structure profile spanning several
transport mechanisms. It is thus important to quantitativelyy,oqyles, yielding a fully coherent picture of the subbands

model these transport processes to extend the operation gfq the corresponding wavefunctions. No model for localiza-
THz QCLs to broader frequency ranges and higher tempergion resulting from dephasing scattering was implemented.
tures. o Consequently, for certain narrow bias ranges, even weakly
~ Our transport analysis is based on Monte CaMC) ¢ pled subbandharacterized by a small anticrossing gap
simulations, which have been used to analyze and desiglanyeen these levelsan interact and give rise to unrealistic
mid-infrared and THz QCLS: Compared to conventional gnatia|ly extended states. The parasitic current channels re-
rate-equation a”a'YS'Sv the MC method s es.p-emally use'cu&l.ulting from these anticrossings are usually easily identifi-
for THZ _QC.Ls,.as it does not relly on a specific model forable, as they appear as a sharp current spike in a very narrow
carrier distributions and can easily handle temperature- ang; < range, because fast LO-phonon scattering is now al-
density—dependgnt scattering times. The MC simulation fOI1owed to lower-energy states which are located far away. In
lO.WS a conventional scheme for an ensemble of'partfdes, reality, dephasing scatterifigreduces the coupling between
with a focus on e—e and electron-phonon interactions INvolvyyige o e subbands, effectively eliminating the coherent inter-

ing the electrons in one module of the device under StUdyaction between weakly coupled states. This leads to more

Only interacti(_)ns Wi.th electrons in states_ belonging to theIocalized states and a decrease in electron transport and,
same or a neighboring module are considered. An eleCtroHence, a lower current density than calculated using the fully

tr;at scatters Ol:t qf ? modt:)ls IS drelnjgcttlad \t/vtlth_tldzntlsal 't'.q'coherent model. However, close to anticrossing, transport be-
plane wavevector Into a subband equivaient 1o Its destinatog, . o, weakly coupled states could still significantly influ-

subband, in accordance with the spatial periodicity of the : .
' ) : X . d ence current density and electron dynamics. In the absence of
QCL* The e—e interactions include dynamic screehiagd y y

. ) ephasing scattering in the simulation, the narrow current
were implemented based on the scheme outlined by Gooc?— ; - o
nick and Lugli? with the correction by Mosket al? This Spikes due to these parasitic channels were largely disre

garded. Only current spikes due to subbands with a larger
anticrossing gap>*$0.5 meV) were investigated further. The
3Electronic mail: ghu@mit.edu decreased wavefunction coherence in a calculation including
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FIG. 1. Band structure and key intersubband energy separations for the
simulated structure. Also indicated is the dipole moment for the radiative
transition. The device consists of GaAs{MGaygsAs layers with thick-

nesse{nm) 5.47.812.46.4/3.8/14.82.49.4 (barriers in boldface, wells in ©
plain texy and is doped to=1.9x 10'® cm 2 in the 14.8 nm wide well. uncoated (o, +a, VT 8x10°
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dephasing will most likely result in a decline in carrier trans- 3 25} VAN § 5
port and current density, which means that the code as imple- . T E §
mented overestimates the current density. ol -9 B
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The main focus of our simulations is a 3.4-THz Q€as Bias (mV/module)

H 1 H%Y 1o —
shown in Flg. L. EIchrons, mj.e.Cteq from=1" into n=5, FIG. 2. Key results of the MC simulation for a lattice temperature of 25 K.
make a vertical radiative transition into=4. The subbands (4 current density for a range of biases. The injection anticrossing occurs at
n=4 andn=3 are in resonance, which enables fast LO-65 mv/module. A tenth-order polynomial fit provides a guide to the eye. The
phonon-mediated depopulation into=2 and n=1. The  measured current density; represented as a full line. T_he large parasitic
simulated structure is in accordance with x-ray diffractionSrment peak of=2000 A/ent at ~45 mv/module was omitted from the
. calculation results(b) T, for the subbands involved in the radiative transi-
data obtained from the grown sample. tion, n=4 andn=5. (c) The population density im=4 andn=5. (d)
The mean active region temperature was calculated udvaterial gain for different biases. To first order, the gain is proportional to
ing temperature-dependent values for the heat car}é(m'fy thT popfulatiolnlérévi;%ion.ZAIZO indticatted are_tt?:le caIcm:Iectjtefd trlreshgld %?in
. . ues for a Mum® ridge structure, with uncoated racets and wi
the substrate and active region. D_ue to t.he heterostructu?ﬁe facet made fuly reflecting.
nature of the GaAs—AQ:Ga, g5AS active region, the thermal
conductivity x in the laser ridge is substantially lower than in
a bulk material®* For a heat sink temperatufg;, =5 K,
the very small low-temperature heat capacity and the cdow
in the active region lead to a substantial increase in lattic
temperature toTw~25K after a 100-ns pulse. Conse-
quently, a value ofl ;=25 K was used in all calculations.
The results of the MC simulations are summarized in Fig.
The measureti-V curve was adjusted to account for a para-
sitic series resistance of @ and is reproduced qualitatively
by the simulated curve. The first increase in current density 1 1 ( N T_of)
|

=5, yielding a gain as shown in Fig.(@. The injector
ground staten=1" andn=>5 line up at the design bias of 65
V/module. Some key calculation results for this bias are
summarized in Table I. In this letter, all scattering times re-
flect the net scattering rates, including the effect of back-
2_scattering from the final state. For example, for scattering
from leveli into level f, the effective scattering time; is
given by

1

occurs in a bias range of 35—45 mV/module where the —=—

0
Tit Tt Ni 7t

injector leveln=1" becomes aligned witm= 3, which is
designed to be rapidly depopulated by resonant LO-phonofheren. andn; are the population densities for subbaids
scattering. The narrow anticrossing gap between these tWe, it " respectively, and® and =% are the scattering times
levels (~0.6 meV) indicates that the calculated peak curren{yisqoyt the inclusion of backscattering. Note that the calcu-

density of nearly 2000 'A_‘/CF”_ at ~45mv/module (not 5404 electron temperatufle, varies by more than 30 K from

shown is a severe overestimation. Still, the parasitic channel

carries an important amount of current, as is evident _

from the experimentally observed current shoulder aTABLE I. Calculated subband energy, electron temperature, population den-
p y i t5ity, and subband lifetime at injection anticrossing, Taf;=25K. 7,4

~45 mV/module. In order to lower the laser’s threshold cur-=g.55 ps, r,,=13.1 ps, 7= 3.5 ps.

rent density, this parasitic current needs to be reduced sig=

nificantly. This can be achieved by reducing the coupling E Tel E’Op-_z
between the injector ground state and the upper LO-phonon (meV) K (10% em®)
resonant state by adding more wells to the active or injector 1 0 102 0.77
regions, or alternatively by increasing the thickness of the 2 6.5 111 1.29
barriers between those states. Z jg"g Eg g-(l)g
At biases exceeding 50 mV/module, the=2' andn 5 633 % 064

=1’ doublet injects carriers into the Lg)per radiative lewel
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subband to subband, depending on how effectively LO-described in Ref. 16, the predicted current density of
photon scattering cools down the electron gas. This calculat10 A/cnt is much lower than the measured300 A/cnf.
tion result illustrates that a simple rate equation model with &lso, for the device described in Ref. 17, the calculated cur-
uniform subband temperature cannot adequately reflect theent density of 55 Alcrhis less than the reported 105 A/&m
physics of a THz QCL. Due to the anticrossing with=3,  On the other hand, carrier transport in the laser described in
the lower laser leveln=4 is depopulated efficiently Ref. 1 is dominated by LO-phonon scattering, because of
(7,=0.55 ps). The predicted high carrier temperature resultglevated electron temperatures in the wide2Q meV) in-
in an increased LO-phonon scattering in the active regionjector miniband and the large spatial overlap between the
with T§f=18 ps while 75,47 ps. With scattering times upper laser level and some lower miniband states. In this
T15=6ps, 71,,=18 ps andr;,3=13 ps, the laser suffers case our calculated peak current density of 1500 A/em
from a low injection efficiency of approximately 55%, which ceeds the reported 850 A/éniThe earlier examples suggest
contributes to a high threshold current density. By reducinghat either a major current path is missing in the present
the parasitic 1—3 channel, the injection efficiency can be simulation for devices in which e—e scattering plays a major
increased to- 75%. This would not only be beneficial to the role, or the importance of existing current paths is underes-
population inversion, but also significantly decrease thdimated.
power dissipation, lowering the lattice temperature for cw  In conclusion, we have calculated theV characteris-
operation by more than 10 K. The resulting drop in electrortics and gain of a working THz laser and compared the re-
temperature and nonresonant LO-phonon scattering woulslults with experimental measurements. The sizeable discrep-
further enhance lasing operation temperatures. The gain @ncy in current density suggests the presence of a major
given by scattering mechanism that is yet unaccounted for. Another

ANwe2f consequence of this underestimation of scattering is a gain

g= #, (2)  thatis slightly higher than inferred from experiments.
2wl cnegm* Av
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whereL, is the length of one module) is the refractive
index,m* is the bulk effective mass of GaAs, add is the
spontaneous emission linewidth in hertz. Using the measur
values® for n=3.8 andA »=1.03 THz(4.25 meV}, as well
as simulated values for the oscillator strenfith=0.98 and
the population inversioA Ns,=5.6x 10° cm™? at the design
bias, a peak gain of 68 cm is calculated. This value is an
overestimation as wavefunction localization is likely to result
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