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Electron-electron relaxation effect on Auger recombination in direct-band semiconductors
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Influence of electron-electron relaxation processes on Auger recombination rate in direct band semiconduc-
tors is investigated. Comparison between carrier-carrier and carrier-phonon relaxation processes is provided. It
is shown that relaxation processes are essential if the free path length of carriers does not exceed a certain
critical value, which exponentially increases with temperature. For illustration of obtained results a typical
INnGaAsP compound is used.
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It is well known that the intraband relaxation of carriers performed in Ref. 7. But the heavy hole wave functions were
plays an important role in recombination processe par-  not derived there consistently with those of electrons.
ticular, relaxation was shown to cause broadening of gain In direct band 4By semiconductors the electron effec-
and emission spectra in semiconductor laddréluence of  tive mass is usually much less than that of heavy holss
relaxation processes on Auger recombinati&®) in bulk  allows us to neglect by electron scattering processes, com-
semiconductors is more fundamental. Both for the CHCapared with those of holesand to use the free particle propa-
and for the CHHS processes AR coefficient calculated in th@ators for the former. By the same reason we also neglect by
first order of perturbation theory in electron-electron interacthe momenta and energies of the electrons in the initial
tion is of the threshold type, being an exponential function ofState.
temperaturé:* Relaxation eliminates the threshold condi-  Following the approach developed (Ref. 5,6 and using
tions enhancing AR. Phonon and impurity assisted Augeave functions derived in 88 modef we obtain Auger
processes in 4By, homogeneous semiconductors were stud-coefficient for the CHCC process
ied in Refs. 5—7, As shown in Ref. 1 it is the electibole)-

electron(hole) relaxation mechanism which gives the main 5,472 w

contribution to broadening of the light emission spectra in C~ 32\2m°e'h (Eo) 3E9+2ASOJ dé %
semiconductors with high carrier density. However, influence omY?T3%E €2 EgtAso J-=ki(E+E,) dE

of this relaxation mechanism on AR has not been studied yet. <

Since AR dominates over other recombination processes at Xexp{ — _) D[K(E+Ey),E]. (1)
high densities of electrons and holes and the role of the T g

carrier-carrier scattering also increases with carrier concen-

tration, the corresponding mechanism of relaxation might bédere (E.) is the mean electron energy equal3® if they

expected to be of primary importance in calculating AR rate have Boltzmann distributiorm,, is the heavy-hole effective
In this paper we study temperature and carrier-density demass,T is the temperature in energy uni, and Agg are

pendences of Auger coefficient with and without regard tothe band gap and spin-orbital splitting respectivelyE) is

electron(hole)-electron(hole) relaxation processes. General the wave vector versus energy in the conduction b&pk)

Green function approach is used for calculation of AR coefdis the dispersion of the heavy holdé3(k,E) is the spectral

ficient. Wave functions and energy spectra of electrons anflinction related to the imaginary part of the heavy-hole

holes are found from the conventionalX8k-p model.  proper self-energy (k,E) by

Comparison of the direct AR, phonon-assisted AR, and AR

with carrier-carrier relaxation is provided both for the CHCC 1 T'(k,E)
and CHHS processes. D(k.E)= — ' ) 2
.. . . ( 1 ) 2 2 ( )
Finite temperature Green function techniques for calculat- m [I'(K,E)]*+[E—En(k)]

ing AR rate was developed in Refs. 5,6. The formalism used

in those papers is based on linear response and mean-fidhl Eq. (1) we used Boltzmann distribution of heavy holes,
approximations. It was shown that the relaxation processeghich is usually the case due to large value of their effective
eliminate the threshold appearing in the first order of perturmass. Generalization of this expression to the case of Fermi
bation theory on Coulomb interaction and enhance AR ratestatistics is straightforward. The high frequency dielectric
In Refs. 5,6, there were studied Auger processes with relaxsonstante.. is taken away from the integrand because the
ation on phonons and impurities. However, wave functiondree-carrier screening effects are weak and unimportant for
and overlap integrals were phenomenologically assumeduger process.We neglected by the real part of the proper
than calculated, which drastically affected the results. Theself energy in Eq(2), since its only effect is the slight renor-
most accurate calculation of the phonon-assisted AR wamalization of the heavy hole mass. It should be noted, that
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strongly damps in the band ga&k<0 and the main contribu- WhereF(x) is a multiplier of the order of £:
tion to the integral comes from the positive values of the hole
energy.

Neglecting by relaxation processes leads to a well known Fla)=
expression for the Auger coefficiérit

8+2m°e"h%(E,) Ewn| _(Aso E‘“;2T°/|thg iithe;hr-e Srédi . expression for the CHHS
NSmﬁ/zm(lzlszleg/Zei X _? = E_ , €] imilarly can be obtained the expression for the

Auger process

1+a 2

1+2al3

82/ 1+ al3
1+ al2

’

g

16m2e*1° (Eg) 3E4+2Ag0 [ (= 1 1+ \so)? cog(9)k? k
- 3< c) 3Bg* 2850 fdkldsz d cos® ¥ hso 1[ + 5 o-sing
3emiT® Ey 3(Egt+AsoJo Jo -1 Lion 4 Aso  2AsotAso—1 (k;+ky)? 2k,

SO Eyg—Eso  3\so
* Eg—Eso
x| dED(K;,E)D(ky,Eso~Eg— E)exy —=—), (4)

where Esg=Egd(|k;+K>|) is the energy of the split-off cess as it does in the case of the CHCC one. Namely, this

hole, 9 is the angle between the wave vecti&gsandks,, interaction is responsible for the second term in the square
brackets in the integrand of E(4). If the spectral functions
N Aso are substituted by functions, Eq(4) turns to the expression
so™ 7224 Eso) | derived by Ge’lmonet al*

3| Esot4/3Aso+ Let us now consider the relaxation processes in detail. In
this paper we will study two basic scattering mechanisms in

The presence of the multiplier ¢\ so)? in the integrand  undoped semiconductoréi) on polar optical phonons and
ensures that near thepoint (at the center of Brillouin zone (i) on electron hole plasma. The imaginary part of the proper
whereEgqo~ —Agp andAgo~ — 1, the overlapping between self-energy for the first mechanism with account of the com-
heavy holes and split-off holes vanisH@d\ote that the ex- plex valence band structure is as follows:

change interaction does not vanish for the CHHS pro-

2my

ﬁwm
_— E)_mhe2w|o 1 J(1+A1)23(A§+1—§)2+4A§ o P f(1+A2)23(A§+1—§)2+4A§
P 4t ek hw, (1-4y)2 16A%¢ hw, (1-45)2 16A5¢ ’
exp?—l exp?—l

®)

w|, is the phonon frequency assumed to be independent af; is the low-frequency dielectric constant. The first and the

the wave vector, second terms in Ed5) correspond to phonon absorption and
phonon emission, respectively. If screening effects are taken
2my(E+fiw)o) ¢ Em into account than in both terms of E¢) £ * should be
Ay =A; AK,E)= 72K2 ! =N @0, substituted by¢/(&+ \2/k?)? with \ 1 being Thomas-Fermi

screening momentum. Integration in E¢) can be con-
ducted explicitly however, the resulting expression is quite
with indices 1,2 corresponding to upper, lower sign, respeceumbersome. A formula similar to E¢5) was derived in

0, otherwise,

tively, Ref. 7, but there is some discrepancy due to more accurate
consideration of the heavy-hole spectrum in this paper.
i1 1 Let us consider the relaxation due to hole scattering on
c €. € equilibrium electron-hole plasma. Using the RPA approach
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for calculating the imaginary part of the self-enedgy due
to carrier-carrier scatteringwe obtain

Qmaxdq 1
€ q E—u
Amin v
ex;{ T ) +1

me? (=
T'o(k,E)=— —Eowkfo d

y 5€"(q,E—&)
[1+ €' (q,E— &) +[5€"(q,E—E)]?

x|1— g [Eh(q)_ Eh(Qmin)][Eh(Qmax)_ E]
4 4E(K)E !

2myé& 2myé
2 =K, Omac 2 +K.

(6)

Amin=

4.0
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FIG. 1. Imaginary part of the proper self energy for scattering of
a heavy hole on the electron-hole plasnbg)(and on the longitu-
dinal polar optical phonosl{,;) as a function of the heavy hole
momentum(k) at (E=0).

Substituting Eqs(7) and (8) into Eq. (6) gives the final ex-

Here e is the contribution to the dielectric constant from pregsion for the lifetime of holes in the case of carrier-carrier
free carriers, a double prime refers to the imaginary part a”@.cattering.

single prime does to the real part &. The last multiplier in

The imaginary part of the proper self energiu(k,E)

Eg. (6) comes from the complex structure of the Va|encestrong|y depends on both arguments having a steep maxi-

band. Explicitly

mum atEy(k)=E and rapidly decreasing when the latter

m2e? (o ?nequality is broken. Th_ere are two main reasons for_ reduc-
S€"(k,E)=— _zh_gj' dE,[fn(Eq) —fi ing I'c whenE (k) # E: (i) Coulomb interaction is relatively
€0k® J (En(k)—B)%4Eq(K) weak at large transferred momenti) there is an exponen-
K 2 tially small number of carriers with large momenta in equi-
E — M librium electron-hole plasma. On the other hand, scattering
W (Eo+E)| 1- 3Ep(k) 1 4Eq(K) on phonons is almost independent of the transferred momen-
q AE, E,tE ' tum and thereforé’,,, is a smooth function of its arguments.
R Figure 1 shows dependenckg(k) and I',,(k) at a fixed
value of E=0. While the valud’ is larger then that of ,,
where at small values ok and relatively high carrier densities, the
1 inverse relation could be observed at lakger small densi-
fh(E) %E_lu’h 5 T T T T T T T T T T
ex - +1
o | —=—without relaxation
is the heavy hole distribution function. The expression for <=~ 4} - - - with carrier-carrier relaxation 7
the real part ofde is quite complicated. However, as nu- US — — with carrier-phonon relaxation only ;0
merical computation shows, Thomas-Fermi approximation®, with both mechanisms of relaxation only /= # |
gives very reasonable results. 8¢’ in denominator of Eq. = °[ =10 cm. E=08eV s 7
(6) can be set zero and ‘qEJ s,
r_y 2 2 g . ‘ ;/ 7
Se’' =\3q?, (8 % ./
where\ ¢ is the inverse Thomas-Fermi screening leryth: C_> R |
[}
D
\/4 \/Eezﬁ 3/2 3/2 2 1
= Thie L “SCean /T M= IT)], (9) 100 150 200 250 300 350 400
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(" 1
0| gyt

Temperature (K)

FIG. 2. CHCC Auger coefficient versus temperature with regard
to different relaxation processes. Parameters of an InGaAsP com-
pound lattice matched to InP were used in calculations.
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FIG. 3. CHHS Auger coefficient versus temperature with regard FIG. 4. Dependence of CHCC Auger coefficient on carrier den-
to different relaxation processes. sity with and without account of various scattering processes.

ties. The role of carrier-carrier scattering obviously increase8y the energy-momentum conservation are lifted. From Eq.
with carrier density and temperature. In AR, large transferredl) We can estimate the characteristic scattering leagtior
momenta play a crucial rofe® Therefore the carrier-carrier theé CHCC process
scattering mechanism is less important here than in radiative T E
recombination. Nevertheless this relaxation process remains acz)\Eg( _) ex;{ _”‘) (10)
effective at high temperatures and carrier densitieigs.
2-4). Parameters of a typical InGaAsP compound latticayheren g =2/ky(Eg). If the free path length exceeds,
;ngﬁt]sed to InP were used for the illustration of Obtamecjthe relaxation is not important, otherwise it should be taken
' . . into account. Note that the similar result was derived in Ref.
| rThret:lhrr?s;Eoltdf erntehrgycfglr_'tshe rCHCC '?r? rlsfcron?c:e)r(azlyg for the case of a quantum well. The role of the momentum
argce sseas areaimo ort ent for thepforcniZf,u ? evcgre h?i ?er%?elaxation mechanism there was played by scattering on het-
Ee?a?ure(l:ig 2 \?vhilg for the Ia(t)ter the)F/) L(l)suall);/ g%/e a erobarriers. The characteristic quantum well width above
considerable effect only whehis small(Fig. 3). At T close which the bulk approximation for the AR is valid was found

to zero phonon-assisted AR predominates, while the role ptfo be

AR with carrier-carrier relaxation increases at higheiFig. _ T \32 En

2). The carrier-carrier relaxation mechanism is also respon- ac=7\Eg<E—> exp( T) (12)
sible for a stronger dependence of AR coefficient on the car- th

rier density(Fig. 4). that is close to Eq(10). The unessential difference in the

In conclusion we note that owing to relaxation processe®xponent ofT/Ey;, is attributed to 1D scattering in the case of
AR becomes thresholdless, because the restrictions imposedguantum well.
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