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Controlling many-body effects in the midinfrared gain and terahertz absorption
of quantum cascade laser structures
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A many-body theory based on nonequilibrium Green functions, in which transport and optics are treated on
a microscopic quantum-mechanical basis, is used to compute gain and absorption in the optical and terahertz
regimes in quantum cascade laser structures. The relative importance of Coulomb interactions for different
intersubband transitions depends strongly on the spatial overlap of the wave functions and the specific non-
equilibrium populations within the subbands. The magnitude of the Coulomb effects can be controlled by
changing the operation bias.
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[. INTRODUCTION variation of parameters is possible compared with previous
experimental studies in quantum wells by either applying a
The quantum cascade las€)CL) has evolved, since its bias®3 or optically pumping a laséf.
first experimental realizatichjnto an important device for Our findings thus give evidence of the need of our more
infrared applications. Recently, lasing in the terah€fidz)  advanced approach to model complex nonequilibrium stud-
regime has been demonstrated, thus opening furthaes. The study of simple structures in Ref. 7 would suggest
perspective$. The operation of these semiconductor heterosimilar strengths of Coulomb corrections in both gain and
structure devices is based on optical intersubband transitiongysorption regimes. Although those results are qualitatively
within the conduction band, which are the focus of this work.correct for the cases previously studied, they cannot be used
The importance of many-body effects on interband transior more complex structures of current interest, as demon-
tions is a well established fattThe intersubband case has strated in our analysis, since the Coulomb matrix elements
glso begn studied both exper|mer_1ta||y e_md theoreuﬁaﬂw and occupation functions are extremely different for gain and
IS a topic of current resee}rér?.Typ]ca}Ily, |d_eaI_|zeq cases of absorption transitions. This large discrepancy is explained
isolated quantum wells with equilibrium distributions for the here for the first time to the best of our knowledge
carriers are considered in a two subband scenario, to facili- '
tate the computational challenges. Assuming that only one
level is occupied, exchange and depolarization effects were
found to be very relevant for both gain and absorpfidte- IIl. MAIN EQUATIONS

cent work has demonstrated the importance of fully solving o calculations are based on the stationary state under

:he '”tel?rggge_ql%\"’/‘\t/'ﬁ? fotr th; odptlcal .susgepttlbllllty for (lq)uan- perating conditions which is obtained by a self-consistent
um wWetls. i€ standard semiconductor 1asers bas€qy ), vion of the quantum kinetic equatiotisHere scattering

on interband transitions can be modeled by equilibrium d'S.With phonons and impurities are included via the respective

tributions for electrons and holes with different quasi-Fermi oo .
levels!! this is not appropriate for QCL's where a full kinetic §elf-energ|es in the Dyson equations, and electron-electron

theory is necessary to correctly determine the nonequiIibriurﬂqter"’mtlon IS tre]ated n me.an—I:|eldhapproxgm?]tlon.?';hs Iatrt_:p i
popuiations of the multiple-level system. temperature only enters via the phonon bath at , Whic

The main issues of our paper afé the question how is assumed to be in thermal equilibrium, neglecting hot pho-
these many-body effects are affected by the inherent norf?o" effec?sl. For each subband, the nonequilibrium occupa-
equilibrium distribution in a QCL, where the interplay of a tion functionsf,(k) are calculated from the diagonal terms
large number of different levels is crucial for the operation ofin the carrier Green functior3;,(k,») which are expanded
the deviceii) to what extent many-particle corrections canin terms of eigenstateg,(z) of the single-particle Hamil-
be modified in a given structure out of equilibrium and in atonian including the mean fiel@These states will be referred
complex wave-function scenario. to as levels in the following.The calculated dephasind 2

We show that a characteristic QCL design provides rathels the full width at half maximum of the spectral function
small overall Coulomb corrections to the gain transitions inlm{G'®(k=0,»)} and E,(0) is the corresponding location
the infrared, while significant level shifts occur in the THz of the peak of the spectral function so that the electronic
absorption region. The latter depend strongly on the biastates are well-defined quasiparticles, whose properties are
applied to the structure, which opens a possibility for a sysevaluated on a microscopic basis. The optical absorpiian
tematic variation of Coulomb effects in an experimentala given photon energyw can be calculated from the imagi-
study of a complex nonequilibrium system. Here a widernary part of the optical susceptibility,
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Here n, denotes the background refractive indexis the I ]
speed of lightg,,, is the transition dipole moment between ob 7T TR R =
the subbands and w, which are labeledr=1,2, ... with
increasing energy. In our calculation we select the nine low-
est subbands per period. The definition of a pefand thus

E (eV)

-0.2

the choice of level Lis of course arbitrary in such structures [ &= 1 period
and we must also take into account transitions between VA —— % 0 20 40
neighboring periods. Numbering the levels in the next period position (nm)

to the left by 10-18, we consider all transitions
(1,...,9(1,...,18) in thecomputations. We evaluate
the susceptibility functiory,,,(k, ») by the carriers’ Keldysh

Green'’s functionG whose time evolution is described by a

FIG. 1. Section of the quantum cascade laser structure and a few
relevant levels within a period, including mean-field effects due to
the ionised dopants in the structure, and for a bias0.3 V/period.

Dvson equation. with Coulomb interactions as well as otheLevel 7 is an injector level. Levels 6 and 8 yield the main contri-
y q ' 'E)ution for the midinfrared gain spectrum, while levels 7 and 9 are

scattering mechamsms mCll.Jded Ir.] self-energieé The. responsible for the main THz absorption feature.
general theory includes carrier-carrier scattering, and diago-
nal and nondiagonal dephasing. In the numerical results pre-

sented here, we keep only the subband shift, depolarization, e, (K)=E, (k)—E (k)—E ¢ (k’)V( Vvvv)
and exchange terms in the electron-electron interaction " . ” P k—k'
(Hartree-Fock Similar to the interband caséput with ad-
ditional terms due to depolarization as well as full consider- | PR ,
ation of a Hartreémean-field term in the quasifree particle +§ Fulk )V( k—k’ +§ 7. (k")
termE,(k), the resulting integral equation for the suscepti-
bility function reads , VY
~fulk )]V< k_k,) @
[ho—e,,(K)+i(T,+T ) ]x,.(k o) is the energy difference between the levels renormalized by

the exchange interaction, which we refer to as subband shift
Vv , in the following. The second term on the left-hand side of
+[fv(k)_fu(k)]2\/< 0 )2 Xou(K', @) Eqg. (2) gives rise to the depolarization shift, while the last
K term (exchange contributionis analogous to the excitonic

127N coupling term in interband transitiod$The equations above
—[f, (k) —f (K] X Xyﬂ(k'w)V( k—k’) reduce to those of Ref. 19 in the two-band limit at equilib-
k' =k rium. Note that by running over all subband indices w in
=0 ,,(f,(K) = (k). (20  Egs.(1) and(2), we do not apply the rotating wave approxi-
mation.
Terms with more than two different indices vanish identi- 1. NUMERICAL RESULTS AND DISCUSSION

cally in the limit of isolated wells with infinite confinement

barriers and remain small in the more complex structure For numerical applications of the theory, we choose the

studied here. The bare Coulomb interaction is given by  very successful prototype introduced by Sirtetial,*® see
Fig. 1. From a systematic study of doping depend&hite
was found that the performance is best for a doping around

wv\B 6.4x 10"Ycm? which is used throughout this work together
V( KK’ ) :j dzdZ ¢}(2) $,(2) with a lattice temperature of 77 K unless stated otherwise.
In Fig. 2 we compare the absorption spectra evaluated
2me2exp — |k—k'||z—2'|) with and without Coulomb effects for different biases. We
X d(Z)pp(2'), find that gain sets in around 0.2 V/period at enerdgies
€oAlk—K'| ~130 meV(infrared region in good agreement with the ex-

(3) perimental findings® In addition there is a pronounced ab-
sorption around 30 meVTHz region. While the Coulomb
effects are hardly visible in the gain region, significant shifts

where we have introduced the normalization afeand the of peak height and position occur in the THz absorption
background dielectric constaaf. The explicit expressions lines, in particular at low bias.
actually programmed here are given in the Appendix. In the following we present a systematic study of the Cou-
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defined for the exchange and subband shift, namefy,,

- 0.3 V/period .. . . . .
0.1 — Full Hortree_Fock and L29. Explicit expressions are derived in the Appendix
0.05 — -~ Free carriers and numerical values are given in Table I. In contrast to

L9eP bothL®* andLP9 are inversely proportional to the cor-

3 . . . responding Coulomb matrix elements. We can then expect
E’ 0.2 Viperiod that relgnvely large_9eP and_ smallL®* should correspond to

= —_ i:ﬂe“g:ii:mk large dipole moments, or in other words, to strong overlap
5 between the wave functions of the levels involved in the

'g transition. Only the wave function for level appears in

§ . L . LY. Thus, its value remains within the same order of mag-

g-:lfh‘;/rr;reeri;dmk nitude irrespective of the transition. Note that the significant
— -~ Free carriers difference between the values bf?,L®* andL’9 as well

as for the different transitions further demonstrates that re-
sults from a simplified two-level system in a quantum well,
75 125 where these lengths are identical by definition, cannot be
Energy (meV) easily generalized to more complex scenarios, such as the
real QCL structure discussed here.
FIG. 2. Influence of bias on absorption/gain spectra. Fromtopto | the THz region,l_dep and the dipole moment,, tend
. Y . X X vu A A v X
bottom the bias i%/=0.3, 0.2, and 0.12 V/period. In all panels, the 1, jecrease with increasing bias, due to the changes in the
dot-dashed lines are for free carriers, while the solid curves hav@vave-function overlap. Furthermore the population de-
full Hartree-Fock Coulomb corrections. creases in the injector. This explains the general trend that
, , i the Coulomb effects become weaker with increasing bias. At
lomb terms in Eq/(2), which crucially depend on the Cou- ( 5 v/neriod, the concentration of the population in the low-
Iombdmaltrlx %Ie'me_?tzlancli Eche ?rc]:cugatlc_)n dll‘f(irenc%s, Wh'gést injector level 7 leads to a very strong absorption feature
are displayed in Table | for the dominant transitions. A. : dep ;
glance at the value®,—n, [which roughly scale with " the THz region aIthougk_Lw ' smaller_thqn at 0.12
K Viperiod. In the infrared region, the larger bias increases the

F,(K) —,(k)] shows that the structure Is out of eql_‘"“b”um’ occupation of the subbands which are responsible for laser
as necessary for laser operation. In order to quantify changes

in Coulomb effects, we express the matrix element for theaction. Furthermore bothﬂzp andg., increase with bias as
o " dep. P PN " N&he injector levels leak into the active region. Nevertheless
depolarization term as,, "= (9 €oA/20e7) Vo™, so that it LY€Pis much smaller than in the THz absorption region, and

v
RO A n
reduce_s to the. well w@th in the I|m]t|ng case of a.quamumfurthermore the compensation between the different many-
well with infinite confinement barriers for transitions be- . . S . o
tween the two lowest subbands. This reflects the commo article effect{see belov)nn_ the d(_)m|r_1at|n_g gain transitions
' eads to very small resulting shifts in Fig. 2. The contrast
between the interesting Coulomb shifts in the low-energy

knowledge that the depolarization shift increases with well

width, i.e., increasing spatial extension of the wave func-_. o s : .
. o . side and the almost vanishing shift in the high-energy gain
tions. For a QCL the scenario is much more involved, as the.  ~ - . S . :
i : ) : Side is dramatic. This is the reason why gain calculations
spatial overlap of the wave functions essentially contributes . . . .
to the Coulomb effects as well. Similar quantities can also be\:N'thOUt Coulomb corrections could explain experimental
' q gain spectra in this structure reasonably well, but will fail in

the absorption region. The main contributions to the absorp-
tion in the THz region are in fact transitions involving the

two lowest injector levels at each bias. In other words, levels
6 and 7 are for 0.12 V/period, levels 7 and 8 for 0.2 V/period,

TABLE |. Absorption/gain transition parameters. The first col-
umn is in V/period. ¢, ) denotes the lower and higher subbands in
atransitionn,—n, is the difference in subband population in units
10%en?. L9%P LSX, L9, andLb9 are in nm andp,,, in enm.

E,.—E, is the energy difference in meV &=0 of Eq. (4), i.e., and levels 7 and 9 for 0.3 V/period.

including the static mean-field corrections, but no further Coulomb, The mterplay bgtween the d.|fferent COUIme cprrectlons
effects.I’,,=T',+T , is the dephasing in meV. in the THz region is analyzed in more detail in Fig. 3. We
select the dominant transitions for each bias to highlight the
Bias (v,u) LY p,, n,—n, E,~E, I, L% L% L% different contributions more clearly. The general tendency is
that the exchange contribution imparts a red shift while sub-
012 (6,7 258 499 244 133 53 149 25.0 30.3 pand shift and depolarization terms lead to blue shifts. The
0.12 (7,10 205 456 133 242 91 16,5 30.3 27.6 depolarization shift decreases with bi@s accordance with
02 (7,9 193 423 319 239 3.1 17.2 20.4 27.4the discussion aboyewhile the tendency of the exchange
0.2 (8,10 185 3.96 0.87 253 9.0 14.0 27.4 31.6 contribution and the subband shift is less clear. These two
02 (4,9 32 138 —0.36 1295 236 33.0 21.1 13.9 terms almost cancel each other, so that the blue shift due to
03 (7,9 123 250 2.08 328 6.2 12.8 18.5 22.2 depolarization dominates the behavior. Because the subband
0.3 (8,1) 11.7 2.92 1.07 73.9 144 12.2 14.2 33.7shift slightly overcompensates the exchange contribution, the
03 (6,7 0.28 043 —2.60 1295 155 371.4 13.0 185 full Hartree-Fock curve exhibits a small additional blue shift,

03 (68 45 1.68 —1.08 139.2 19.3 20.6 13.0 14.2 in particular for 0.2 V/period.
Figure 4 shows details for the two dominating gain tran-
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7,9) Traljlsition ", 2 1, 2
0.08 | 0.3 V/period S 3.5X10 /cm 5.256 X 10 /om
—— Full Hartree—Fock o3l
0.06 | Sub-band shift only L v
- -~ Depolarisation only E
0.04 — — Exchange only = 0.2 p
— - - Free carriers & I
0.02 | S i
. g '
. Iy
S (7.8) Transition 2 01 | i
& | 0.2 Viperiod K
g 0.60 Full Hartree-Fock y \‘\_
Lo Sub-band shift only L L
c 040 --- Depolarisation only
-%_ —— Exchange only = 48X 10"/cm®
g 0.20 } —-- Freecarriers g 06 |
o 7 E
< o = £
(6,7) Transition = 4
0.24 | 0.12 V/period s 0.
P —— Full Hartree-Fock -E_
0.18 S KN Sub-band shift only
SN - -~ Depolarisation only 0.2
0.12 s </ . — — Exchange only
VAV — - - Free carriers
0.06 | IS
// Ry e e T
izt ; e 10 30 50 10 30 50

10 20 30 40 Energy (meV) Energy (meV)
Energy (meV)

. L . i FIG. 5. Comparison of absorption spectra wisolid) and with-

. FIG. 3. _Detalls Of,THZ absorpthn including mean-field effect_s out (dot-dashef Hartree-Fock Coulomb corrections. In all panels
in the dominant transition of each bias. From bottom to top, the biag,  piss isv=0.2 Viperiod. The carrier densities are given respec-
isV=0.12, 0.2, and 0.3 V/period, and the corresponding transition.?ively by N=3.5x 10!, 4.6x 101, 5.25x 10", and 7 10Ycn?

are between level®,7), (7,8), and(7,9 as discussed in the text. In ’ ' T ' '

all panels, the solid, dotted, short-dashed, long-dashed, and dok; ., » qianificant part of the upper laser level is located in
dashed curves are, respectively, for full Hartree-Fock, subband shi 9 P PP

o . e injector, resulting in a weaker spatial overlap of the wave
only, depolarization only, exchange only, and free carriers. . :

v, aep y g y functions ¢, and ¢,. Thus the Coulomb matrix elements
sitions at 0.3 V/period. We notice first that all many—particleegge”ng exchange and depolarization correcti@h as
effects reverse sign for gain transitions. This is due to thé-».') are reduced compared to the THz absorption within the
sign change in the occupation differences entering Eys.  injector region. In contrast, Coulomb matrix elements of the
and (4).” Both transitions exhibit a red shift due to all the type V(u,u,u,u) enter the subband shif4), which there-
Hartree-Fock corrections. The shift is stronger for tfgy)  fore dominates the behavior in the gain region. Indeed, a
transition although the depolarization length is much smallefookup at Table | shows that®P is small, L** is large,

compared to thé6,8) transition, see Table I. For gain tran- consistent with the small dipole transition moment, while
L9 is relatively small, leading to the scenario depicted in
Fig. 4.

The spectra of typical QCL’s are found to result from a
delicate interplay of different transitions with strongly vary-
7 . " g d
4 03v_ ing transition parameters. Standard approaches for idealized
4 {6,7) Transition . . . .

—— Full Harree—Fook quantum wells cannot describe this situation, where the full

; T e nonequilibrium  distribution  obtained from quantum

0t X/ T pehange only transport.’ or possibly semiclassical Monte Cafisimula-
tions, must be combined with the correct wave functions for
a consistent description and understanding of the detailed
spectra. Table | shows thaﬂff’ andg,,, can be easily modi-
fied within the same structure by changing the bias. This
allows for a systematic experimental study of the magnitude
of Coulomb effects as a function of transition parameters.
Thus QCL’s constitute promising structures to investigate the
influence of Coulomb effects on intersubband transitions. A
, , , central issue of such experimental studies as well as future
110 130 150 theoretical work will be the importance of higher-order Cou-
Energy (meV) lomb corrections together with a more stringent treatment of
FIG. 4. Details of the main transitions that contribute to the gainSCréening compared to our Hartree-Fock approach. Recent
spectra including mean-field effects for a bias 0.3 V/period. The ~ WOrk indicates that compensations between diagonal and
lower and top panels are, respectively, {68 and (6,7 transi-  hondiagonal ternfsmay strongly reduce the importance of
tions. In both panels, the solid, dotted, shot-dashed, long-dashe@ligher-order electron-electron scattering terms in simple
and dot-dashed curves are, respectively, for full Hartree-Fockinodel structures. This indicates that neglecting scattering in
subband shift only, depolarization only, exchange only, andour Hartree-Fock approach may be a reasonable approxima-
free carriers. tion, although this requires further detailed investigation.

\\\\

Absorption (1/cm)

(6,8) Transition
— Full Hartree—Fock
---------- Sub-band shift only
-180 - -- Depolarisation only
— — Exchange only

— - - Free cariers

=120

Absorption (1/cm)

-240 |-
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—35
40 n e 4.6 131 | , ? 054 T=77K
a0l —— 64 w 130 f 3 g
—--7 PR 129 |- €
20 | /f/'_.“\\ ! 1 1 = 0.38
ol At Y =
10 | //,/’ \"\‘ : El 6 .5 0.22
/7 - s
ok /5. s =
/7 ramar o []
yr- . . . 8 006
<
a0 | 3.5X10"/em” , , .
— =TT — Full Hartree—Fock
§ 30} \~\ — -~ Free carriers =
= 2} X 2
c R3]
£ - w g
8 10 // = =
0 -/,/ I I I I 5
a
a0 7X10"/om’ S
Full Hartree-Fock Ee]
30 | P — -~ Free carriers <
2r 50 100 150
10 | Energy (meV)
or < T==mao_
2/ L L L FIG. 7. Comparison of absorption spectra wisblid) and with-
120 130 140 150 out (dot-dashell Hartree-Fock Coulomb corrections for a bias of
Energy (meV) 0.2 V/period. The top and lower panels are, respectively, for phonon

FIG. 6. Gain spectra as a function of doping. All curves in the bath temperature$=77 and 180 K.

top panel have full Hartree-Fock corrections. The solid, dotted,
long-dashed, and dot-dashed curves correspond, respectivly, to the high density, making the results slightly closer, qualita-
=3.5x10", 4.6x 10, 6.4x 10, and 7x 10 /cn?. The inset de-  tively, to the experimental findings of Ref. 16. However,
picts the spectral position of peak gdin meV) as a function of Coulomb effects only are not enough to explain their results
doping in 13 /cn?. The open squares are for full Hartree-Fock and a more detailed analysis is required.
while the circles are for free carriers. The symbols are connected by We close our analysis with Fig. 7 where we show the
solid and dot-dashed lines, respectively, to guide the eye. In thnfluence of temperature on the calculated curves (gittid)
central and bottom panels, the dopings are, respectit#y3.5  and without (dot-dashel many-body effects. The top and
X 10" and 7< 10" /cn?. The solid and dot-dashed curves are, re-|ower panels are, respectively, for phonon bath temperatures
spectively, for full Hartree-Fock and free-carrier calculations. T=77 and 180 K. In both panels, the biad/is-0.2 V/period
and the carrier densiti=6.4x 10*Ycn?.

Furthermore we illustrate the importance of many-body The rise in temperature increases the spectral broadening
effects as compared to the free-carrier model as a function gind promotes a redistribution of population difference, favor-
both doping densities and temperatures. In order to keep odffd the gain transitions. As a consequence, the resulting sub-
discussion as close as possible to experimental realization82nd shift is not so pronounced in the low-energy side in
we chose densities and temperatures compatible with thgPmparison tal' =77 K. However, since different transitions
samples described in Refs. 15 and 16. have different Coulomb corrections, thg |r_1clu5|on of Cou-

Figure 5 shows the absorption spectra with and withoutomb effects afl =180 K affects the qualitative shape of the
Hartree-Fock Coulomb corrections for different doping den-SPectrum more strongly at higher temperatures. Structures
sities. Our free-carrier model includes the mean field of théhat appear on the low-energy side cannot be seen with a
ionized dopants and as the density increases, they shift tHgee-carrier model. _ _
peak of the main absorption transition to the blue. The many- This manifests a further example of the complicated in-
body effects impart a further intersubband blue shift and in{erplay between the different levels in the QCL structure,
crease in oscillator strength of the main transitions. AlthoughVhich is not present in simple two-level systems. .
both the subband shift and overall oscillator strength increase Another interesting remark is that, for larger dephasing,
with carrier density, the impact of the Coulomb corrections isthé counterrotating terms, usually very small and igndred,
similar for all densities and follows our detailed analysis ofStart to be relevant. The Coulomb shifts have opposite direc-
the N=6.4x 10 cn? case given above. tions for counterrotating terms than for rotating wave contri-

The density dependence study is complemented with Fid_)utlo'n.s, and they should yield interesting effects in structures
6 that depicts the evolution of gairabsorption spectra with ~ SPecifically constructed to study their relevance.
density. Maximum gain is reached arountl=4.6
x 10'%cn?. The lower panels show that Coulomb correc-
tions are larger for the larger density and the inset depicts the
evolution of peak gain position with doping. Although the  In summary, our nonequilibrium many-body theory yields
corrections are small, it is interesting to note that Coulomba surprising contrast between the importance of Coulomb
corrections lead to smaller increase in peak gain position oeffects at the absorption and gain region in quantum cascade

IV. SUMMARY
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structures. While these effects are small in the gain region for The large wave-number limit reads
the structure considered, strong features appear at THz ab-

sorption. | PR e 1
The many-body effects are influenced by both nonequilib- q—o° 9 qb,,’
rium occupation functions and Coulomb matrix elements,
which depend on wave-function overlap. These two factors 1 ) 5
can be modified by means of an external bias which ulti- b :Zf d7¢,.(2)|% ¢.(2)|". (A3)
mately allows us to control the overall strength of Coulomb -
corrections in the structure. Inspection of the two extremes suggests an interpolation
formula for the depolarizationlike terms
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APPENDIX: INTERPOLATION FORMULA FOR Similar considerations yield an analogous interpolation
COULOMB MATRIX ELEMENTS formula for the subband shift and exchange matrix elements,
The Coulomb matrix elements in E(B) can be difficult 1222% . 1
to evaluate numerically, and we give here tractable expres- q =Vq LR
sions for the relevant terms. In general, the Coulomb matrix 1+ —"q
elements are given by
vv
Vv MVAB) _ 2| #PMP V( MM) =V2d—1ex : (A5)
q q |’ q a Loy
1+ TQ
VA
F(“ . ﬁ) - [ azazgz 0.0 where
xexp(—alz=2') 6} (2) by(2), L
124 '
2d 27792 f dZ|¢V(Z)|4
9= ag (A1)
€A(
1
As pointed out in the textyg**” matrix elements can be L= . (AB)
expressed exactly as a depolarization length in the small fdz| ¢M(Z)|2|¢V(Z)|2
wave-number limit,
The lengthd 55°, L%, andLb? have been defined so that
depzwvmw (A2)  they reduce to the quantum well width if the wave functions
o002 0 used are the eigenstates of an infinite potential well.
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