UNIVERSITY OF LEEDS

This is a repository copy of Self-consistent scattering theory of transport and output
characteristics of quantum cascade lasers .

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/1686/

Article:

Indjin, D., Harrison, P., Kelsall, R.W. et al. (1 more author) (2002) Self-consistent scattering
theory of transport and output characteristics of quantum cascade lasers. Journal of
Applied Physics, 91 (11). pp. 9019-9026. ISSN 1089-7550

https://doi.org/10.1063/1.1474613

Reuse
See Attached

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/



mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

JOURNAL OF APPLIED PHYSICS VOLUME 91, NUMBER 11 1 JUNE 2002

Self-consistent scattering theory of transport and output characteristics
of quantum cascade lasers

D. Indjin,? P. Harrison, R. W. Kelsall, and Z. lkonic
Institute of Microwaves and Photonics, School of Electronic and Electrical Engineering,
University of Leeds, Leeds LS2 9JT, United Kingdom

(Received 26 November 2001; accepted for publication 6 March)2002

Electron transport in GaAs/AlGaAs quantum cascade lasers operating in midinfrared is calculated
self-consistently using an intersubband scattering model. Subband populations and carrier transition
rates are calculated and all relevant electron-LO phonon and electron—electron scatterings between
injector/collector, active region, and continuum resonance levels are included. The calculated carrier
lifetimes and subband populations are then used to evaluate scattering current densities, injection
efficiencies, and carrier backflow into the active region for a range of operating temperatures. From
the calculated modal gain versus total current density dependencies the output characteristics, in
particular the gain coefficient and threshold current, are extracted. For the original
GaAs/Al 3Ga g/AS quantum cascade structif@. Sirtoriet al., Appl. Phys. Lett73, 3486(1998]

these are found to bg=11.3 cm/kA andl;,=6+1 kA/cn? (at T=77 K), andg=7.9 cm/kA and
Jin=10=+1 kA/cn? (at T=200 K), in good agreement with the experiment. Calculations shows that
threshold cannot be achieved in this structur@at300 K, due to the small gain coefficient and the

gain saturation effect, also in agreement with experimental findings. The model thus promises to be
a powerful tool for the prediction and optimization of new, improved quantum cascade structures.
© 2002 American Institute of Physics. [DOI: 10.1063/1.1474613

I. INTRODUCTION investigated>2® Most recently, in a theoretical analysis of a
QCL, a full injector—active region—collector structure was
A considerable advance has recently been made in thgonsidered, and it was found that electron—electron scatter-
development and optimization of quantum cascade laseligg plays a crucial role in carrier transfer between injector/
(QCL9.*? In these complex multilayer structures coherentcollector and active regions of the structure, and is very im-
midinfrared I|ght amp|ificati0n iS aChieVed Via an eleCtroniC portant in Ca'cu'ations Of the popu'ation inversion and
cascade along the energy level staircase in a sequence @&in?7—29
active region and injector/collector multiquantum well struc- In the original GaAs/A;5Ga sAs QCL design it was
tures. QCLs have traditionally been based on InGaAsfinted that the main obstacle in extending the working tem-
AllnAs structure so that growth could be lattice matched tOperature range is the nonunity injection efficiency from the
an InP subs_trat%‘.1 Based on similar_ desig_n criteria, more injector into the upper laser level, due to the thermally in-
recent designs have been realized in GaAs/AlGaAgjyced leakage current into th&—derived delocalized
structures. This latter system has attracted attention due tQontinuum—like states. Furthermore, there are mechanisms
the possibility of low—loss AlGaAs waveguide desi@n‘ﬁne such as scattering—assisted injection of electrons directly
midinfrared GaAs/AlGaAs QCLs have not yet achieved thefom the injector into the lower laser level, leakage to the
temperature range of InGaAs/AllnAs devices, but a lot ofcqjiector and backflow to the injector from the upper laser
successful experimental work ig, currently under way t0 eXqeyel, as well as backflow from the collector to the lower
tend the operating temperatufe=On the other hand, GaAs/ |5ger level, all of which deteriorate the population inversion
AlGaAs cascade structures may play an important role inyng hence, the optical gain in the laser structure. Including
producing stimulated radiation in the far—infrared region,ihase effects in theoretical models of QCLs is important
which is aIsothhe topic of r;e%ent investigations, bothjn yiew of a disagreement between the experimentally
expenmente_ﬂ“‘ and theoretical” _ _ measured gain coefficient and the calculated gain in the
The rapid experimental development has stimulated '”'simple three—level model under the unity injection
terest in theoretical work to explain the physical processespnroximatior?2® and should result in better understanding
involved;*~**including the principles of carrier transport in ot carrier relaxation transport in cascade structures.
devices, and hence, indicate routes to optimized layer design |, s article we extend the theoretical model of cascade
for improved output characteristics. Theoretical studies tQ;,,cture$2” and develop a full self—consistent approach
date have mainly addressed the optimization of the activghich includes the injector/collector, active region and delo-
region structure and the electron—LO phonon fcatte”n%alized (continuum—like states in a QCL. The aim of this
rates, so as to maximize the population |nver_§ﬁ)‘ﬁ. The  model is to calculate the populations of the active region and
thermalization of the electron distribution function was also, o injector/collector subbands, and the carrier transition
rates within the structure. All the relevant interaction mecha-
dElectronic mail: d.indjin@ee.leeds.ac.uk nisms have been included in our simulations, i.e., the intra-
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FIG. 1. A schematic diagram of quasibound energy levels and associated [ 1

wave functions squared for%lperiod (injector-active region-collectprof

GaAs/AIGaAs quantum cascade lasers of Ref. 5. FIG. 3. Carrier transitions in the 15-level system. It is assumed that tran-

sitions between the injector and collector regions are negligible.

and intersubband electron—LO phonon and electron—electron

scattering processes. The results of these calculations cétiecton—in this 15-level model. Radiative transitions occur
then be used to calculate current densities, injection efficierPetween the third and second state in the active region, de-
cies and modal gain, and to estimate the output characteri§oted as 9 and 6, while level 4 is the ground state of the
tics, including the gain coefficient and threshold current for aactive region. There are two additional levél2 and 14,

range of temperatures. which correspond to weakly localizedcontinuum-like
transmission resonancéfig. 2). Strictly, there are many
Il THEORETICAL CONSIDERATION more delocalized resonances, but for values of the external

field around threshold, they are positioned well above the

As mentioned earlier, full analysis of a QCL requires upper injector state and their influence on the carrier dynam-
consideration of the active region, where laser emission takess in the structure is negligible.
place, and also of the injector and collector regions. In our  To introduce periodic boundary conditions, the rate
notation the collector is, in fact, the injector portion of the equations were written so that carriers were cycled around
next active region in the full cascade scheme. The electronithe 15-level system. In view of the translation symmetry in
structure of QCL described in Ref. 5 is illustrated in FlgS 1our 1% periods of the full cascade Scheme’ carriers popu|ate
and 2. The energy levels of the quasibound statdsich  the injector subbands by transfer from the preceeding active
correspond to transmission resonances in multilayer quantufggion and leave the collector subbands to enter the next
structures in an external electric figldwere calculated active region. Scattering transitions between the injector and
numerically by solving the Schdinger equation within the  the preceeding active region, as well as those between the
effective mass approximation. Nonparabolicity was takerollector and the next active region, are characterized
Into account”,. and the wave fun'ct'|ons were obtained via .theequivalently, as scattering inside the centrgl deriod of
transfer matrix approqch. The injector and collector region CL. This approach allows us to close the “scattering cir-
are represented with five energy levels each—subbands 1, uit” in the rate equation system. The carrier transitions in

3,5, and 7(in the collectoy and 8, 10, 11, 13, and 1 the the structure are shown in Fig. 3. To simplify the calculation
the assumption was made that injector subbands were iso-

40 , lated from collector ones; i.e., transition rates between injec-
1.23,5,7 - collector tor and collector regions were negligible. The rate equation
30 N S e gion ] for subband 1 is written as
12,14 - delocalized (continuum like) d
= ng N Nz Ny Ng Ng N7 Ng  Neip
& 20 T —+—+—+—+—+—+#
E T21 T31 T4a1 751 Ter T71 To1  T(12)1
w 10 n n n n n n n
o0 14 4 6 9 12 14 1
E ¢ Pay  Na Me Mo Nag | Naw N1
1 T(14)1 T48 Teg Tog T(12)8 T(14)8 71
01 F=48kV/cm Uz, 1415 B
-10 : where
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FIG. 2. Calculated transmission of the QCL structure as a function of energy +(7197) T (19 T+ (T1012) "~ 1( T1(14) .
at an applied electric field df =48 kV/cm. The structure studied here had 1 1 1 1
a total of fifteen energy leveléwhich correspond to transmission reso- +(7ga) " "+ (780) (789 "+ (75(12)
nanceg five injector levels, three active region levels, five collector levels, 1
and two weakly localized continuum-like levels. +(7g(14)
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and similarly for other injector and collector states. is a  lifetime of an electron in respect to scattering between two
function of bothn; and n¢, the initial and final subband subbands, each characterized by thermalized Fermi—Dirac
populations. As noted earlier, this injector-active region-distribution?® For full detail see Ref. 32.
collector model must reflect the full periodic cascade struc-  From the self—consistent solution of the QCL rate equa-
ture, and hence, subband 1 must be equivalent to subbandt®ns the population inversiodn;=ng—ng is obtained in
and similarly: 2-10, 3—11, 5-13, and 7 15. Back- the steady—state condition. The modal gain is proportional to
scattering into subband 1 from the next active region ishe population inversiotn; and may be written %33
equivalent to the backscattering from the active region sub-
bands 4, 6, and 9 and weakly localized states 12 and 14, into  G,,=
its equivalent subband 8, which is described by the last five €N 27ygelph
terms in the sum in Eq(l). The equations describing the \where\ is the laser emission wavelengthyg is the experi-
ratesdn; /dt in the collector regioni(=1,2,3,5,7) are sym- mental full with of half maxima(FWHM) of the electrolu-
metric with those in the injector regiori£8,10,11,13,15), minscence spectrum below threshatdis the mode refrac-
and when the system reaches a steady state, the collecigfe index,e, is the vacuum dielectric permittivity, , is the
subbands populatioshould equal those in injector subband. |ength of one periodinjector+active region, I' is the over-
This implies that the injection rates on each side of the activéap factor between the optical mode and the core active re-
region are equal. gion of the laser, andzqe) is the radiative transition matrix
The rate equation for active region subband 4 is given byelement. If the(quas) linear dependence under subthreshold
conditions between the modal gaB), and the total current

47762 <296>2

I'(ng—ng)=gI'J, 4

dn, < N § 1 density through the structurkis valid, g is defined as the
dt i 5a T, n4i=l,i#4 T4 @ gain coefficient. In a simple three—level modattive region

levels 4, 6, and 9 in our notatipnunder the assumption that
and similarly for the other active region subbands, and fo@ll the electrons are injected from the injector into the upper
the weakly localized subbands 12 and 14. At equilibrium alllaser level in the active regidfunit injection efficiency, and
the rates @n;/dt) equal zero. Thus, we have a set of 15that all electrons escape the bottom active region level into
equations which specify the population of each subband ifhe collector, the population inversion is proportional to cur-

terms of the populations of all the other subbands and th&ent density 3%

scattering rates between theémhich in turn depend on sub- J Te

band populations themselye3 herefore, these 15 equations Ani=5T9< 1- T—) 5)
96,

must be solved self—consistently using an iterative proce-
dure. With an initial guess of subband populationsall the  and the gain coefficieng in Eq. (4) has an explicit form.
scattering timesr;; are calculated and then the next, betterHowever, this is just a first order approximation. In our
approximation ton; is found. The scattering times are then model all transitions between the 15 levels are considered,
recalculated on the basis of these subband populations, amcluding not only injection from the injector into upper laser
the procedure is repeated until self—consistency is reachetgvel, but also injection via continuum levels and via the
i.e., the estimate fon,; is sufficiently close to that of the lower active region levels. In the same way, electron escap-
previous iteration. As usual in self-consistent procedures, ting from the intermediate and upper active region levels di-
improve the convergence the estimate of subband populaectly to the collector is also taken into account.

tions in the next step is supplied by combining the old and  Changing the bias field modifies the potential experi-

new calculated value enced by electrons and, hence, the energies and wave func-
tions of quasibound states. Consequently, all the lifetimes
nMeW= gl (1 £)nfd, (3)  and the transition matrix elements change with the field, in-

fluencing the self-consistent subband populati@msl hence,

whereé is a weighting parameter. In our calculations a fixedthe gair), and the electric current. To extract the gain coeffi-
value of £=0.5 gives reasonably good convergence for acient one has to change the electric fi¢ie., the applied
range of densities and temperatures, though dynamicallyoltage and calculate the modal gain and total current den-
changing it can lead to improved convergence, particularly asity for each value of the field. The gain coefficiapfEq.
lower values of electric field. In the course of the iterations,(4)] should then be obtained from linear interpolation of
the subband populations are continuously renormalized &), (J), because the actually calculat&q,(J) dependence
order to drive the solution towards satisfying the total carrieris not strictly linear.
density in each period of the structure; i.e., when conver-  Stationary charge transport through the injector—active
gence is reached the sum of subband populations in one peegion—collector interfaces of QCLs is mainly determined by
riod (active region plus collectdris equal to sheet carrier incoherent—scattering mechanistis, while coherent—
density Ng. At this point ny+n,+ns+n,+ns+ng+n; resonant tunneling gives a very small contribution to the total
+ng+ny,+ny,=Nsg, and the injector and the corresponding current density® This situation, when both principal scatter-
collector levels have equal populations and carrier lifetimesing mechanisms are includgelectron-LO phonon scatter-

The carrier scattering times; were calculated including ing, which is relevant mostly for the electronic cascade
electron—LO phonon and electron—electron scattering ratesvithin the active region, and electron—electron scattering,
The 7;; themselves are scalars which represent the averagehich plays an essential role in coupling the nonoverlapping
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near resonant states between the injector/collector and the
active region, the current density through injector—active 10'
region interface is given by

Jia=digtdiet diat Jicont (6) 7 10

g
Each component of current densily, is calculated as the = 10"
difference between the scattering current from injector levels =
to the active region level under consideration, and the back- -
scattering current from active region level to injector levels
Jii=J,_i—J_;; ie., for the upper laser level

Jio=Jdio=Ji19

0 5 10 15 20

Number of iterations
&—I- N(10) + EEN) + e + N(15) FIG. 4. Subband populations vs number of iterations in the self—consistent
calculation, aff =77 K andF =48 kV/cm. Convergence is achieved after 15
iterations when the derivatives of curves tend to zero. At equilibrium, the
corresponding injector and collector levels have the same subband popula-

(7) tions.

=€

789 T(1009 T(11)9 7(13)9 T(15)9

1 1 1 1 1
—+ + + +
Tog T9(10) 79(11) T79(13) T9(15)
and similarly for the other components in E@). On the
other hand, the current density through the active regionenergy gaps were taken as 1.426 and 1.837 eV in the well
collector interface can be written as and barrier layers, respectively; the barrier height was 276
meV. A total carrier density oNy=39x 10'° cm 2 was de-
Jac=JectJoctJact Jeonc ®  rived from the dopant profile per repeat period, and this was
where the component$ are calculated as the difference assumed, in the first instance, to be distributed evenly be-
between the scattering current from the active region level tédween ten subbands in the injector/collector—active region
the collector levels, and the backscattering current from thgeriod. The subband populations versus the number of itera-
collector levels back to thigh active region level. This gives tions in the self-consistent calculation at the temperature of
Jic=J;_c—Ji_c, whereJ;c has an analogous form to that T=77 K and under the external field /=48 kV/cm are
in Eq. (7). The current densities given by Eq$) and (8) shown in Fig. 4. Convergence is reached after 15 iterations.
should be evaluated by the iterative procedure describedt this point the injector and the corresponding collector
above until self-consistency is achieved. At this point thelevels have equal populations, and the sum of populations in
current densities across the different device interfaces shoulahe period is strictly equal ttNg. Generally, calculations
be equal, i.e.);,=Jac=1J (this could also be considered as show that including all electron—-LO phonon and electron—
an indicator of convergengeFinally, by repeating the self— electron scatterings in the present 15—-level model has a sig-
consistent procedure for a range of external fields, the totaiificant effect on subband carrier populations, althought sub-
current densityd and the corresponding modal gai, can  stantially increases the CPU time required. The calculated
be calculated. Assuming a linear dependence of modal gaiscattering times confirmed the anticipation that electron-LO
on total current, from the slope of the least squares fit ophonon scattering is dominant in electron transfer between
Gwu(J) dependence, the gain coefficiemtan be estimated. active laser levels, while e—e scattering is essential in low—
The threshold current densitl, has to be found according energy change carrier relaxation inside the injector/collector
to the expressio,, =gIl'Jy,= ay + ayw, Whereay, anday,  regions, and also in transfers such as injector levelson-
are the mirror and waveguide losses, respectively. tinuum levels, injector levels- upper laser level and lower
laser levels— collector levels. To reduce the number of
iterations in the next self-consistent cy¢iee., for the next
case of temperature or electric figlthe final subband popu-
Although the proposed model is quite general and appli{ations from the previous loop are used as the next initial
cable to different cascade structures, the originalguess. For example, Fig. 5 shows that, Tor 300 K andF
GaAs/Al 3 Ga gAS structure described in Ref. 5 was ana- =55 kV/cm, convergence is achieved after ten iterations. At
lyzed. The main reason was the fact that a large amount dbw temperaturéFig. 4) the populations of the second injec-
experimental results have been publish€d!® for the tor state(level 10 and the upper laser staievel 9 become
structure. Having demonstrated the capability of the modelery similar due to a good level alignment. At the same time,
by comparison with this experimental data, it may be readilysubband populations of lower laser levédsand 4 are larger
extended to analyze recent improved desigiiSand to op-  than those of the corresponding levels in the collector region
timize the design of structures. The layer sequence of ondue to rapid low-temperature relaxation in collector. In con-
injector—active region period of structure, in nanometerstrast, at the highest temperatyFeg. 5) the thermalization of
from left to right starting from the injection barrier8/1.5/  carriers in the injector/collector region makes the subband
2.0/14.91.7/4.03.4/3.2/2.0/2.82.3/2.32.5/2.32.5/2.1, where populations of levels @1) and 715 become equal to those
the normal script are wells and bold script barriers. The elecin the active region levels 4 and 6, respectively.
tron effective mass in the GaAs quantum wells was taken as The temperature depedence of the subband populations
0.06Mg, and in Al 3Ga g7AS barriers it is 0.094,; the in the active region is shown in Fig. 6 for three different

—eng

IIl. NUMERICAL RESULTS AND DISCUSSION
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FIG. 5. Same as in Fig. 4 but &=300 K, F=55 kV/cm and with im- FIG. 7. The population inversioAn;=ng—ng as a function of temperture
proved initial conditions. The weighting factgrin the self—consistent cal-  fOr different bias conditions.

culation is dynamically adjusted. Convergence is achieved after ten itera-

tions.

Figure 8 shows the dependence of carrier lifetimes in the
values of electric field. For lower values of fieldF€£35  active and injector/collector levels on temperature, calculated
kV/cm) there is a small population in the upper laser levelat the point of convergence, for the electric fieldFof 48
due to poor level alignment, reduced carrier injection fromkV/cm. The state with the longest lifetime is the lowest en-
the injector. For higher fieldéround thresholdthe popula-  €ergy state in the injector/collectet (= 7g), which represents
tion of the upper laser level increases with temperature up tée scattering time from the injector level with the highest
200 K, followed by a relatively slow decrease for higher population into the active region. This time amounts to 3.5 ps
temperatures. The population of the lower laser |diafel at low temperatures and decreases to 0.4 ps at room tempera-
6) increases with increasing temperature, mainly due to theiture. The other injector/collector states have fagbpicosec-
mally induced backfilling, hence, reducing inversion. Theond lifetimes, which is important for carrier cooling. The
populations of the continuum levels increase with temperalifetime of the ground active region leve), which is mainly
ture because of thermal broadening of the carrier distributioletermined by scattering from the active region to the col-
in the injector levels and the resulting increased energy ovelector also decreases with temperature from 1.2 to 0.3 ps.
lap. This effect is particularly important at higher tempera-  Figure 9 shows the lifetimes of active levels, and 7,
tures and higher fields because such operating conditiors Well as the intersubband scattering timg relevant for
open parallel carrier transition channels and cause carrié@sing, for three different values of electric field. Clearly, the
leakage from the injector into the continuum levels. lifetimes themselves decrease slowly with temperature. Fur-

The population inversiothn;=ng—ng as a function of thermore, the lasing conditiomge™> 7¢ is clearly satisfied.
temperature for different values of the applied field, is shownl'he fact that the total lifetimey of the carriers in the upper
in Fig 7. The inversion significantly increases with field, laser level is significantly less than the scattering time from
mainly due to improved band line-up and electron—electrorthe upper to the lower laser levelg, indicates that a sub-
scattering induced coupling between the populated lowesitantial fraction of carriers in the upper laser level is lost by
injector level and the upper laser level. For fields arounddeing scattered into states outside the active re@idga col-
threshold &50 kV/cm) the inversion reaches a maximum at lector levels, or via backfilling the injector leveldt is in-
around 200 K, with a reduction in inversion observed atteresting to note the monotoneous behavior'sfwith tem-
higher temperatures, as noted above.

. —_— 100
10'
F=48 kV/cm

S 10° | —
g B 10}
Ee 'y
?10’1 3 —— F=48kVicm

" | === F=55kV/em

AV F=35kV/em

- A PN 2 0.1 . . . . L
50 100 150 200 250 300 50 100 150 200 250 300
T [K] T [K]

FIG. 6. The subband populations in the active region vs temperature foFIG. 8. The carrier lifetimes vs temperture dependence at an applied electric
three values of applied electric field. field of F=48 kVv/cm.
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FIG. 9. The intersubband scattering times and tota_l Iifetime§ of the g_ctivq:|G. 11. The injection efficiencies from the injector into the upper laser
laser levels, as these depend on temperature, for different bias conditionsjgyg| (m9), from the injector into the lower active region levels,{ and

7,4) and from the injector into the continuum levels, {,.), as functions of
temperature for three different values of applied electric field.

perature, but nonmonotoneous behavior with the electric
field. from the active region into the collector were also investi-
The self-consistent calculation of scattering current dengated, and the results are given in Figs. 11 and 12.
sities through the structuréor F =48 kV/cm andT =77 K) One can see from Fig. 11 that the injection efficiency
is shown in Flg 10. At the point where the iteration proce-into the upper |eve|,7]|9:‘]|9/‘]1 is 0n|y Weak|y dependent
dure starts to converge, total current densities through thgn temperature but significantly decreases with increasing
injector—active region interfaceJ(,) and active region— electric field above 55 kV/cm. The latter is because of the
collector interface Jac) become very similar, tending simul- increase of injection into lower levelsy(g+ 7,4=J,6/J
taneously to the full convergence point. About 75% of car-1 3 ,/3) and because of the opening of parallel channels
riers are then injected from the injector into the upper lase{characterized by, .on=Jicon/J) for carrier transfer via
level, 15% into lower laser level and 10% into the activecontinuum resonance levels at higher temperatures. In any
region ground level, while the injection into the continuum case, the decrease of injection into the lower active region
states is practically negligibldess than1%). At thesame |evels due to thermalization of electrons in the bottom injec-
time, carrier escape from the active region into the collectokor |evel is compensatend even overcompensadsy in-
occurs via the active region ground level-collector stategreased injection of thermalized electrons into continuum
transitions (82%) and lower laser level-collector transitionsieyels, resulting in injection losses up to 50%, and hence, in
(9%), while 11% of the carriers escape directly from the gain saturation at high fields.e., high current densitigs
upper laser level into the collector. As is well known from  The fraction of carriers that escape into the collector
the approximate three-level model with nonunity injection, region is shown in Fig. 12. The sum of the escape current
the fractional injection rates are very important parametersatios from the lower active region levels into the collector
and significantly affect laser gain. The temperature depen¢; .+ »,.=Js:/J+J,c/J) decreases with temperature as
dence of the injection efficiency into the active region fora result of an increasing current fraction through the con-
different bias values, and also of the escape rates of electrofgyum levels ¢yeone=Jeonc /). The portion of carriers that

escape from the upper laser level directly to the collector

_ 10 100
g

% s 80

> B,

2 g 60

g 2 I F=35kV/cm
3 = —— F=48kV/em
% .5 40 Noc ———- F=55kV/em
51 g

= &

© = 20

0O 2 4 6 8 10 12 14 0
Number of iterations 50

FIG. 10. The scattering current densities through the injector—active region

and active region—collector interfaces vs the number of iterations in théFIG. 12. The fractional escape of carriers from the upper laser level into the
self—consistent calculatioft T= 77 K andF =48 kV/cm). After four itera- collector (n9c), from the lower active region levels into the collectoygt

tions the total current densities through the two interfaces become equal arahd 7,¢), and from the continuum levels into the collectoy.{.c), as they
simultaneously tend to fully converged value. vary with temperature for three different values of applied electric field.
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FIG. 13. The backflow of carriers from the upper laser level to the injectorFIG. 14. Calculated modal gain vs the current density dependence for three
(B,9). from the collector to the lower laser leveB{c), and from the col-  typical temperatures. The symbols are the calculated data and the solid line
lector to the ground active region leve{c) as they vary with temperature  represents a least square fit used to derive the values of gain coeficient
for three different values of applied electic field. The laser threshold is reached wh@g,(J) equals the total lossay + aw

~30 cnv ! in this examplg marked by horizontal dashed line on the graph.

(characterized bypgc=Jgc/J), which is an important loss ) 1 )
mechanism, increases as the electric field moves away froff€ total 10ss linewy + ay~30 cm = and theGy(J) lines,
the optimal value of around 48 kv/cm. This is mostly due toWe obtain the threshold currenty,=6+1 kA/cn? at T
the field induced detuning of the upper laser level energy= 77 K andJy,=10+1 kA/cn? at T=200 K. At lower tem-
from the position of minimal quantum mechanical transmis-Peratures the calculated threshold current is in excellent
sion into the collector superlattice regiéwhich is located ~agreement with experimend=4-—7 kA/ent) > *while
around the middle of the collector ministopbanence, in- @t T=200 K a small discrepancy appedtise lowest experi-
creasing the wave function overlap between the upper lasépentally measured value was 12 kARMO 1% Further-
level and the collector levels. more, the calculation predicts that threshold cannot be
For a better understanding of the net current transfefchieved in this particular GaAs/fM{Ga sAs structure at
shown earlier, the ratios of carriers backflowing from theT =300 K, due to the gain saturation effect, also in agree-
upper laser level to the injectoB(o=J,. o/J; .o) and from  ment with experimental findings.
the collector levels back to the active regionB.é Finally the calculated electric field—current density char-
=J,. /I .c andBec=Js._c/Js_.c) are shown in Fig. 13. acteris.tics at three _operating temperatures is shown.in. Fig.
Backfilling to the injector is clearly independent of tempera-1°- This translates into the current—voltage characteristics if
ture and is relatively strong (60% around threshdidcause the series resistance losses, for which there exist some ex-
the injector ground level is slightly below the upper laserPerimental uncertainty, are specified. The calculations are
level. The increase i, for higher fields also implies that thus in good overall qualitative and quantitative agreement
inversion saturation may occur. On the other hand, backfillWith experiment.
ing from the collector is temperature dependent due to ther-
malization of carriers in the collector, and it can also have dV. CONCLUSION

strong influence on the reduction of the inversion in the A theory of self-consistent scattering transport has been
higher temperature-higher field operating regime. developed, which includes all relevant electron—LO phonon

In Fig. 14 the mOd"_il g"_iin as a function O_f current denSityand electron—electron interactions, and the transition rates
at 77, 200, and 300 K is given, calculated with the parameter

valuesA=9.3 um, n=3.28, L,=45.3 nm, 2yge=15 meV

(@t T=77 K), 2705=21 meV(at T=200 K), 2yos=25 meV 70
(at T=300 K).>191130Fg|lowing Eq.(4) we can derive the
gain coefficieng by dividing the slope of the linear fit by the
overlap factorl'=0.42>* We obtaing=11.3 cm/kA atT

(=23
(=3
L

=77 K, g=7.9 cm/kA atT=200 K, andg=5.4 cm/kA at g 50
T=2300 K. The gain coefficients are in good agreement with E
experiment §=8.7 cm/kA atT=77 K andg= 6.2 cm/kA at o 40
T=200 K),>*° and agree much better than the gain coeffi-

cients calculated within the simple three-level model under 30

the unity injection approximation’ The expected reduction

of the gain coefficient with temperature is due to the various 20 &-4-¢ :
loss mechanisms analyzed earlier, and is also caused by the 0246 810 122 14 16 18 20
experimentally established increase of the FWHM. In accor- JkAfem ]

dance with the experimentally obtained loSdesy =6 FIG. 15. Electric field vs current density characteristicsTat77 K, T
cm ! anday=24+2 cm %, from the intersection points of =200 K, andT=300 K.
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