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Theoretical study of Auger recombination in a GalnNAs 1.3 pmm quantum
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We present a theoretical study of Auger recombination processes in a GalnNAs/GaAs quantum well
structure designed for 1,@m laser emission. The calculations are based on>a10k-p model,
incorporating valence, conduction, and nitrogen-induced bands. The Auger transition matrix
elements are calculated explicitly, without introducing any further approximations into the
Hamiltonian used. We consider two main Auger recombination channels: the process when the
energy released from the electron-hole recombination causes electron exdi@tiGT process

and the process with hole excitation to the split-off valence b@idHS process The CHHS
process is shown to be dominant. Good agreement is found when comparing the calculated Auger
rates with experimental values of the Auger contribution to the threshold current of GalnNAs
guantum well lasers. €004 American Institute of Physic§DOI: 10.1063/1.1664033

The material system, GalnNAs, is of significant interest,light-heavy hole mixing was neglected in Ref. 14; while a
both because it provides a route to Jufn vertical cavity simple effective-mass approximation was used to calculate
laserst? and also because it potentially enables a reducethe overlap integrals in Ref. 15. All of these approximations
temperature sensitivity of the threshold current compared tean lead to errors of up to one order of magnitude in the
conventional InP-based 13m lasers. It is now well estab- calculated AR rate, and they also obscure trends in the de-
lished that nonradiative recombination crucially influencespendence of AR rate on temperature and structure param-
the performance of InP-based laséfBhe main mechanism eters.
of nonradiative recombination is Auger recombination For our calculations we consider a 64 A
(AR).! Recent experimental analysis estimates that AR conGay g4ng 3dNo 0172S0 055/ GaAs QW structure, similar to that
tributes 30%—-50% of the total threshold current both inused as the active region of a 1.3n laser whose experi-
GalnNAs and in InP-based 1.3um devices at room mental characteristics have recently been studied in detail.
temperaturd® AR is then the main cause of the rapid in- The conventional eight-bank-p Hamiltonian must be ex-
crease in threshold current at room temperature and abovetended to a ten-band mod®to describe the band structure

The aim of this letter is to study theoretically the AR rate of GalnNAs, adding twa(spin-degenerajenitrogen-related
and its temperature dependence in GalnNAs quantum wellsands to the usual two conduction and six valence band
(QWSs). We consider the most likely AR paths, and identify Bloch functions'’ The 10x10 k-p model has been success-
hole excitation as the dominant AR process. We show thafully used to describe the energy spectra and optical transi-
the Auger recombination coefficient has a relatively weaktions in GalnNAs QWs® and to describe the gain spectra as
(nearly lineay temperature dependence in the QW consid-a function of carrier density in 1.2m laser structures’
ered, but conclude that AR will dominate the high- Calculation of the Auger rates requires several stages: first,
temperature threshold characteristics of ideal GalnNAsletermination of the QW band structure and wave functions,
lasers. including highly excited states; then evaluation of the over-

Although AR rates have been calculated previously bylap integrals and Coulomb matrix elements; and finally the
many author§*® the results presented here are the mossummation over all initial and final carrier states for the dif-
advanced to date for lasers operating in the telecdh®+
1.5 um) waveband. In narrow-gap materials, the spin-orbit
splitting is larger than the band gap and therefore the mecha- E'\ I/
nism of Auger recombination in such materials is different x_\. / |
from that in the 1.3um structure’ Considerable progress has o Y/
been made in the development of accurate Auger calcula-

tions for narrow-gap materiafs** by contrast, a variety of cHee CHHS -
severe assumptions and approximations have been made in s ,[ I]D
previous calculations of the AR rate for 1.3—1.n QW Z i /I\
structures. For example, in Ref. 12, the spin—orbit interaction

was neglected and only the CHCC process was considered

: : : ; FIG. 1. Schematic diagram of the two major Auger processes in a GalnNAs
(see Fig. 1 A linear approximation was used for the QW: (a) the CHCC process with electron excitatidh) the CHHS process

3|ec_tr0n'h0|e O_Ve”ap integral in Ref. 13; the effect of QW ith hole excitation into the spin—split—off band. The shaded areas desig-
strain was omitted in Refs. 12 and 14; and the effect ofate unbound electron or hole states.
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ferent processes considered. Auger processes are commonly  4g]

classified by labeling the initial and final states with letters 0161 RN f‘:gf;\lN
describing whether the carriers are in the conductiG, ( 3 0.14] ,

heavy-hole H), or spin-split-off (S) bands. Figure 1 shows %5 J '

the band diagram corresponding to the two major Auger pro- 5 %1/ N

ceses, CHCC and CHHS. In quantum wells, heavy- and & 01071

light-hole states are mixed at nonzero in-plane momentum; & o0.08{ / \

therefore “H” stands both for light and heavy holes in the Tﬁf 0.06 4

Auger process classification. In addition, the excited state in = £ ¢ o4

a QW structure may be either bour@ confined QW state 0.02.] S.

with large in-plane momentunor unbound. In the GalnNAs . 2
structure studied here, the Auger process with electron exci- 0'000_0 " 05 10 15 20 25 30 35

tation to a bound state turns out to be negligitdartly due

to the presence of the nitrogen banithe excitation of a hole _
FIG. 2. Electron-hole overlap integral versus transferred momergum

to a bound state is also not important, due to the large in- Kei-Kny » in units of /a wherea=64 A is the QW width. The curves are

plane momentum required. Auger processes involvingor the case whek, =0 andk, is varied; the case wheky, is varied and
phonons are generally not important for the relatively highke is fixed give a very similar variation df(q). Solid lines and dashed
(T>250 K) temperatures considered here. As a result onlyjnes: GalnNAs and artificial QW, respectively.
the two Auger processes depicted in Fig. 1 are significant in
the GalnNAs QW studied. In both these processes the finglonripution from an area where “small” values of momen-
state for the excited carrier is unbound. _ _ _ tum are transferredg~|ke—kiy|<7/a (a is the QW
. The calculated energy spectra of carriers _Iocallzed in th%vidth); and a contribution where “large” values of momen-
gg’elr:‘ G?A”NAS,SX\/ strl_Jcturte tcan be fotun?hlrtl Rbefs. 5b andym are transferredg~k,, wherek, satisfies the equation
. For the excited carrier states we note that above-barrigyz, 2 _ : : ;
reflection at the QW boundaries must be taken into accou% le(sz)_Eg (Eq IS the eﬁegtlve band_ gamn, is the
) . . - Nfective electron massin practice the existence of these
(i.e., the wave function of the excited stateni just a plane two contributions means that the whole rangegofalues is
Wav_le_,hseg bleloy\é trix el M for the A bi important in Eq.(1), from very small valueswherel .}, var-
i € Loulom T;a ”XV?/%'"EM B:\/I e_ q?he:vlrecqm " es linearly withq) to relatively large values af (where the
nation process in the QW is1=M, . W L OVEN  inear approximation used in Ref. 14 is in error by more than

momentum transferred, n/a

9
by” one order of magnitudeThe value of thd ., overlap inte-
d | oA — gral is also strongly influenced by the light-heavy hole mix-
q 13(@ 24— ) .
M, (1)  ture at nonzero in-plane momentum. It should be noted that

= 2 _ 2 ,
(2m) [Q7+ (kyy — kay) "Il ) the electron-hole overlap integral is dependent on various

Wherelaﬁ(q)=f‘lfz(x,ka”)‘lfﬁ(x,kﬁu)eiqxdx is the overlap QW parameters, including the quantum well width and
integral between the states with indicesnd 8 (equal to 1, ~ depth, the strain, and the effective band gap; this can give a
2, 3, and 4 denoting the states of the four carriers involved ifstrong dependence of the Auger rate on these structure
the Auger process the x axis is directed along the QW Pparameters! To study the influence of the N band on the
growth direction; x(q,) is the dielectric function deter- electron-hole overlap integral we also considered an artificial
mined using the Lindhard formuFé,q is the momentum N-free InGaAs-like QW structure with the same effective
transferred, andiw the energy transferred during the Auger band gap and band offseftdetails of this structure are given
processk;, is the in-plane momentum of théh state M, is in Ref. 20. The overlap integral for this artificial structure is
obtained fromM, by formal 3—4 substitution. It is impor- shown by the dashed line in Fig. 2. The interaction with the
tant to calculate the overlap integral using the wave function® band reduces the conduction bargdlike) component of
determined from the multiband model; the proddii¥ 4 in the electron wave function, while the hole states are largely
the above expression for the overlap integral involves theinaffected by the presence of the N band. The change in the
scalar product of two vectorén the basis of the ten Bloch electron wave function leads to a small reduction in the over-
functions. This scalar product strongly depends on the in-lap integral at a given value compared to the N-free struc-
plane momentum of the particles. ture. Thus, the presence of nitrogen leads to a decrease in
It follows from Eq. (1) that the Auger matrix elements len; this decrease is larger for larger N conteqt (if the
are determined from two overlap integrals: an electron-holdand gap and other structure parameters are kept un-
overlap integral between two states localized in the QW ané¢hangedl The Auger matrix element depends also on the
an overlap integral between a localized state and a highlpverlap integral o, between the localized and excitéglec-
excited unbound state. We describe briefly the main charadron or holg states. From a mathematical point of view, this
teristics of these two important quantities. The solid line inis an integral between the “smooth” wave function of a car-
Fig. 2 shows the dependence of the electron-hole overlaper localized in the QWwith wave vectokk~ mr/a) and the
integral I ., on the momentum transferred. The dependencdighly oscillating wave function of an excited carri@vith
len(d) is nonlinear, so that the previously used linearwave vectork~k,). As a consequence, the overlap integral

approximatiof® for 1.,(q) is generally not valid for QW
structures. It follows from an analysis of E¢l) that the
matrix element consists mainly of two contributidits:a

l oy is usually small compared th,,,. Deviation of the ex-
cited state wave function from a simple plane wave also
significantly influences the value of,.
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total state in the spin-split-off band. The calculated AR coefficient

104 |- - -CHHS in GalnNAs QWs is of the same order of magnitude as in
2 - nitrogen-free structures with similar parametéame effec-
§ s- tive band gap and band offsgt$he introduction of nitrogen
5 decreases the electron-hole overlap integral, but also leads to
= 8- an increased conduction band density of states; the combina-
3 | tion of these two factors results in an approximately un-
% 4. changed AR coefficienC. We conclude that Auger recom-
8 bination plays an important role at room temperature and
g 5 above in GalnNAs 1.3um QW laser structures, putting an
! intrinsic limit on the temperature stability of the threshold

N characteristics. The AR rate is sensitive to the variation of

240 | 200 280 300 320 340 360 QW structure paramete(e.g., s_trair_1, effective barrier height
T K gnd pand ga)p SO furthgr investigations would be valuable to

’ identify optimized device structures. Overall, our results con-

FIG. 3. Calculated Auger recombination coefficient vs temperature for afirm that the intrinsic gain and loss characteristics of Galn-
GalnNAs QW with the same parameters as in Fig. 2. Solid line: total AugerNAs make this material very attractive for vertical Cavity

coefficient; dashed and dotted lines: contributions from the CHHS anq ; :
' . ” rs an her integr aAs- vices.
CHCC processes, respectively. Electron and hole densities &rerhi0?. asers and other integrated GaAs-based devices
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