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The gain-spontaneous recombination characteristics have been calculated for a 40 Å
Zn0.8Cd0.2Se-ZnSe quantum well including many body effects. We examine the effect of the
inclusion of the Coulomb enhancement on the gain spectra and the gain-current relationship. We
show that, in the absence of the Coulomb enhancement, the threshold current density of a 340mm
40 Å Zn0.8Cd0.2Se-ZnSe quantum well laser is underestimated by approximately 40% and the lasing
wavelength overestimated by 4 nm. Our calculation of the scattering lifetime for the first
electron-heavy hole transition gives a lifetime varying between 29 and 37 fs, and shows that the
carrier-phonon scattering mechanism in II-VI quantum wells is more dominant than in III-V
materials. We also comment on the effect the neglect of Coulomb enhancement has on the
calculation of leakage currents in a laser at threshold. ©1995 American Institute of Physics.
r
.
in
i

in
m
s
n
s

n
a

te
r
tl
ll

o
ri
i
fo
o

a

T
-
s
n
a
o
o

e-

ts

e

-
h

r
-

e

he
le
ed
e-
Recent advances in II-VI technology have led to the
alisation of room temperature, cw blue-green laser diodes1–3

Problems with ohmic contacts, material quality and dop
are actively being researched. Computer modelling of dev
structures is a useful tool in these studies. The effects
doping4 and leakage current5 have already been studied
this way. The foundation of such calculations is the deter
nation of the material gain in the laser’s active region a
function of the quasi Fermi levels or the carrier populatio
Initial calculations of gain in II-VI quantum well structure
used the free carrier approximation,5–8 but the effect of the
electron and hole Coulomb interaction has been shown
have a significant effect in the calculation of bulk II-VI ma
terial gain.9 Commercial laser diodes are likely to use qua
tum wells due to their increased performance over bulk
tive region lasers. In this paper we illustrate the importan
of the Coulombic interaction in the calculation of the ma
rial gain for a typical ZnCdSe-ZnSe quantum well structu
The enhancement for this II-VI structure is significan
larger than previously calculated for GaAs quantum we
The intraband scattering rate used in the determination of
gain is calculated for both carrier-carrier and carrier-phon
scattering mechanisms. Our results show that the car
phonon scattering contribution is considerably more sign
cant in these II-VI structures than previously calculated
III-V quantum wells and therefore is an important inclusi
in the calculation of gain.

Many body effects manifest themselves in three m
ways in the optical recombination spectra.10–12Optical tran-
sitions are broadened due to carrier scattering events.
band gap decreases~renormalisation! and the transition prob
ability is enhanced due to the increased recombination re
ing from the Coulomb attraction between electrons a
holes. The room temperature gain characteristics of G
quantum wells have been calculated including many b
effects.10–12 These calculations show that band gap ren
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malisation and spectral broadening are important for the pr
diction of the optical gain spectra,12 although the Coulomb
enhancement has been shown to be negligible.10 The in-
creased exciton binding energies in II-VI materials sugges
that the Coulomb interaction would be more important in
these materials.

The absorption spectrum can be determined from th
imaginary part of the optical susceptibility,11 which is given
by

x~\v!5(
k
dkxk ~1!

where

@\v2Ee,k2Eh,k1 i\g#xk

52~12 f e,k2 f h,k!Fdk1(
k8

Vs~k2k8!xk8G ~2!

derived using the Hartree-Fock approximation, which is rea
sonable at these high carrier densities and hig
temperatures.11 f c and f v are the electron and hole Fermi
functions which describe the carrier distributions at low lase
intensities.Vs is the screened two-dimensional Coulomb po
tential within the single plasmon pole approximation.10,11,13

dk is the momentum dependent optical transition matrix
element14 andEe,k andEh,k are the renormalised10 electron
and hole energies at the momentumk. Setting the potential to
zero in Eq.~2! gives the free carrier result, where the Cou-
lomb interaction is neglected. In this paper, we compare th
calculated gain characteristics of a 40 Å Zn0.8Cd0.2Se-ZnSe
quantum well at 300 K, with and without the Coulomb in-
teraction.

We have calculated the band structure using a 434
Luttinger-Kohn Hamiltonian including strain.15 The calcula-
tions show that the bands are reasonably parabolic since t
strain causes reduced intermixing of the light and heavy ho
subbands. Therefore to reduce the computation time requir
we have used parabolic bands, the masses of which are d
1/95/67(25)/3780/3/$6.00 © 1995 American Institute of Physics
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termined using a least square fit to the calculated subb
structure~this approach was used in Ref. 5!. We have not
included well width fluctuations in our calculations but e
pect that when the well width is reduced the effect will
increasingly significant as in the case of III-V semiconduc
lasers.12 The dephasing energy,\g, is calculated using Fer
mi’s Golden Rule for carrier-carrier16 and carrier-LO
phonon17 scattering mechanisms. All material parameters
these calculations were taken from Ref. 18.

Figure 1 shows calculated gain spectra for a 40
Zn0.8Cd0.2Se-ZnSe quantum well calculated with and witho
the effect of Coulomb enhancement at a carrier populatio
8.331018 cm23 ~both calculations include band gap reno
malisation!. The Coulomb interaction leads to significant
higher gain at a given carrier density. Haug10 has shown that
the maximum enhancement is around the transparency p
rather than at the peak of the gain spectrum; on the o
hand, the enhancement in the emission spectrum whic
broader than the gain spectrum occurs at its peak.

The calculation of intraband scattering rates has b
described in detail in Refs. 16 and 17 where examples w
given for GaAs-AlGaAs and GaInP-InP quantum wells. U
ing the same method we calculate the intraband scattering
the 40 Å Zn0.8Cd0.2Se-ZnSe quantum well at a temperatu
of 300 K. Figure 2~a! shows the energy broadening of th
electron state in the lowest conduction subband as a func
of energy above the bottom of the subband, at a carrier d
sity of 8.331018 cm23. Both carrier-carrier~solid line! and
carrier-LO phonon~broken line! scattering mechanisms ar
shown. The energy broadening of the hole state in the low
valence subband is given in Fig. 2~b!. The carrier-carrier
scattering calculation includes scattering by both elect
and holes from all confined subbands.16

Both the electron- and hole-phonon broadening cur
show the characteristic ‘‘step’’ at the LO phonon energ
\vLO , due to the carrier being scattered by phonon emiss
above\vLO .

17 The broadening energies for the conducti
and valence bands are very similar in magnitude due to
light in-plane hole mass~approximately equal to the electro
mass! in this strained system. An important point to note

FIG. 1. Calculated gain spectra for a 40 Å Zn0.8Cd0.2Se-ZnSe quantum wel
calculated with and without the effect of Coulomb enhancement at a ca
density of 1.131019 cm23 at 300 K.
Appl. Phys. Lett., Vol. 67, No. 25, 18 December 1995
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the size of the carrier-phonon broadening, especially abov
\vLO . The magnitude is comparable with the carrier-carrie
energy, which is in contrast to GaInAs-InP wells17where the
carrier-carrier~total of the electron and hole! scattering is
more dominant. This is because the ZnSe optical dielectr
constant is smaller than that of GaInAs. The small carrier
phonon broadening below\vLO is compensated by the high
carrier-carrier broadening energy at the subband edge and
the total broadening energy for electrons and holes remain
reasonably constant with respect to energy. The average
the total carrier and phonon broadening for electrons an
holes is used to obtain the scattering lifetime.17 The scatter-
ing lifetime for the first electron-heavy hole transition varies
from 29 fs at the transition energy to around 32 fs at highe
energies, peaking at 37 fs just below\vLO . These lifetimes
compare with the constant 25 fs lifetime required to fit ex-
perimental data in Ref. 5 for a 65 Å ZnSe quantum well. This
is an important result because the gain spectra of II-VI quan
tum wells are often calculated using a constant lifetime o
100 fs, which is clearly too long.

Figure 3 shows the gain-current characteristics for a 4
Å Zn0.8Cd0.2Se-ZnSe quantum well calculated with and with-
out the effect of Coulomb enhancement. Although the Cou
lomb enhancement increases the amount of gain at a giv
carrier density, it also increases the amount of spontaneo
emission, therefore the spontaneous recombination curre
required to achieve transparency is higher. Assuming an in
ternal scattering loss of 6 cm21 as measured by Kozlov19 for
a single quantum well structure with a ZnCdSe active regio
and a typical confinement factor of 0.015 for a 40 Å well, we
estimate the typical gain required to overcome the cavit
losses for a 340mm laser to be 3500 cm21. From Figure 3,
when Coulomb enhancement is included the predicte
threshold current density is 1300 A cm22, compared with
800 A cm22 when the effect is neglected, an underestimat

rier

FIG. 2. The energy broadening of the electron/heavy hole state in the lowe
~a! conduction and~b! valence subbands as a function of energy~relative to
the bottom of the subband! at a carrier density of 1.131019 cm23 at 300 K.
3781Rees et al.
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of 40%. A value for the internal quantum efficiency is need
to predict a true threshold current density.

The injected carrier density required to achieve thresh
when Coulomb enhancement is included is approximat
8.331018 cm23, compared with 1.231019 cm23 when Cou-
lomb effects are neglected. Neglecting the Coulomb inter
tion leads to an overestimate of the electron quasi-Fer
level by 18 meV. This is an important result because t
thermal emission of electrons out of the well is exponentia
proportional to the conduction band Fermi level.20 This loss
mechanism is an essential consideration in the modelling
device threshold currents especially at high temperature
our example, the omission of Coulomb effects would lead
the overestimate of the leakage current out of the quant
well by more than a factor of 2 at 300 K~due to a difference
in Fermi level of 18 meV!. The calculated peak of the gain
spectrum at threshold is 497 nm, but when Coulomb effe
are neglected the predicted peak is 501 nm, a shift of 4 nm
the predicted laser wavelength.

In conclusion we have shown the effect of the Coulom
interaction is a very important consideration in the calcul
tion of the gain spectra for ZnCdSe-ZnSe structures. Wh

FIG. 3. Calculated gain-current characteristics for a 40
Zn0.8Cd0.2Se-ZnSe quantum well at 300 K, calculated with and without th
effect of Coulomb enhancement.
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Coulomb effects are neglected the spontaneous emission c
rent at threshold is underestimated by as much as 40% a
the predicted lasing wavelength is overestimated by 4 nm
We also show the carrier-LO phonon scattering mechanis
to be an important aspect of the calculation of gain in
ZnCdSe-ZnSe quantum wells. The discrepancy in the co
duction quasi-Fermi level when Coulomb effects are ne
glected also means that the subsequent calculation of th
mally activated leakage currents is flawed.
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