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Abstract—A quantum model is developed to obtain electron
capture time in a quantum well through electron–longitudinal
optic phonon emission, as function of carrier density, showing
the interplay between phonon and collective plasma modes. We
demonstrate that the usual approximation of a constant capture
time in modeling of light-emitting diodes is not adequate, because
this parameter varies considerably with the device working point.

I. I NTRODUCTION
Performance of InGaN/GaN light-emitting diodes (LEDs)
depend critically on carrier transport across quantum wells
(QWs) [1]. In particular, carrier capture time 𝜏𝑐 through
longitudinal optic (LO) phonon emission and phonon-assisted
Auger recombinations [2], [3] play an important role. We
present a quantum model for the calculation of 𝜏𝑐 in InGaN/GaN QWs confirming the observed 𝜏𝑐 remarkable dependence on carrier density [4]. Our approach calculates 𝜏𝑐 from
first principles as a function of temperature 𝑇 , QW parameters
and carrier density 𝑁B in the bulk barrier states, evaluating
self-consistently the carrier density 𝑁W in the QW bound
levels. As a result, we demonstrate the need to consider 𝜏𝑐
not as an external fitting parameter, but as a function of the
LED working point and characteristics, in order to describe
the underlying physics.
II. M ODEL AND METHOD
Carriers are captured into QW from bulk barrier states in
a time given by 1/𝜏𝑐 = 2/ℎ̄ℑ (Σ𝑟 ), where ℑ (Σ𝑟 ) is the
imaginary part of the retarded self-energy [5], [6]
∑
−1
𝑉eff (𝒒, 𝜔𝑚 ) 𝐺 (𝒌, 𝒒, 𝜔𝑚 ) . (1)
Σ𝑟 (𝒌, 𝜔) = − (𝛽ℎ̄)
𝒒,𝜔𝑚

Here 𝑉eff (𝒒, 𝜔𝑚 ) is the density- and 𝑇 -dependent screened
potential interaction, 𝐺 is the dressed propagator of a carrier
of momentum ℎ̄𝒌 and energy ℎ̄𝜔, whereas 𝛽 and ℎ̄ are the
inverse temperature in energy units and the reduced Planck’s
constant. As an example of this method, we addressed the
Frölich interaction, describing the capture through emission of
a LO-phonon-plasmon mode of energy ℎ̄𝜔𝑚 and momentum
ℎ̄𝒒, with 𝒒 = (𝑞, 𝑞𝑧 ). The imaginary part of the resulting
self-energy Σ𝑟 yields the capture time 𝜏𝑐 for this process and
enters as well in the calculation of phonon-assisted Auger
recombination coefficients [3]. In the end, 𝜏𝑐 can be employed
in modeling tools as a function of LED working point (carrier
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density, temperature, etc.) and characteristics, and no more as
a parameter. The interaction matrix element
∫
∫
1
4𝜋𝑒2
𝑑𝑞𝑧 Ψ∗QW (𝒓)
𝑉eff (𝒒, 𝜔𝑚 ) = − 𝑑𝒓
2𝜋
𝜖0 𝜖𝑠 ∣𝒒∣2
𝐷 (∣𝒒∣, 𝜔𝑚 )
Ψbulk (𝒓)
× 2
(2)
𝜖 (∣𝒒∣, 𝜔𝑚 )
depends on carrier density through the phonon dressed
propagator 𝐷 (∣𝒒∣, 𝜔𝑚 ) and the dynamic dielectric function 𝜖 (∣𝒒∣, 𝜔𝑚 ), evaluated according to the Single Plasmon
Pole (SPP) description of the Random Phase Approximation
(RPA) [5], [6], whereas the QW and barrier wavefunctions
ΨQW and Ψbulk determine the overlap integral. We obtained
𝜏𝑐 (𝑁𝐵 , 𝑁W , 𝑇 ) in a closed form, exploiting analytic integration in the 𝜔𝑚 and 𝑞 complex plane, having extended to
InGaN/GaN systems the approach fully described in [5] for
III-V alloys.
III. S IMULATION RESULTS
To illustrate the method in practice, we considered for simplicity a In0.85 Ga0.15 N/GaN single QW system with flat bands.
QW bands and electron and hole eigenfunction profiles have
been evaluated in the effective mass approximation, obtaining
strain-dependent energy gap and band offset according to [7].
For each value of QW width 𝐿W , we calculated eigenvalues
and eigenfunctions entering in (2) (an example is given in
Fig. 1, for the conduction band). Self-energy Σ𝑟 is evaluated
versus 𝑁B through (1) and (2), by means of which we obtain
self-consistently 𝑁W and 𝜏𝑐 for this scattering mechanism.
Capture can take place through emission of any of two possible
coupled phonon-plasmon modes of frequency 𝜔+ , 𝜔− , with
corresponding times 𝜏+ , 𝜏− (as defined in [5]). In Fig. 2
capture times for electrons 𝜏+ , 𝜏− are separately plotted for
−1
𝐿W = 3 nm, and the resulting total 𝜏𝑐 = (1/𝜏+ + 1/𝜏− )
is shown in Fig. 3 as function of 𝑁B , for three values of
𝐿W . For the lowest carrier density values, 𝜏𝑐 results around
0.1 ps, but for an anti-screening effect [5] the capture time
progressively reduces as 𝑁B increases. However, when 𝑁B
exceeds ≈ 1018 cm−3 the energy conservation prohibits the
fastest of the two modes (𝜔+ ), and capture can take place
only through the slower mode (𝜔− ). We can appreciate one
of the effects induced by the density dependent 𝜏𝑐 looking
at carrier density 𝑁W on the QW bound level versus 𝑁B ,
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Fig. 1. Conduction band (CB) energy profile, for 𝐿W = 3 nm, with two
confined levels 𝐸0,1 . The ground-state eigenfunction ΨQW is also shown.
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Fig. 3. Total electron capture times for LO-phonon emission, for three QW
width values (𝐿W = 2, 3, 5 nm).
19

−7

10

τ−

−9

τ+

10

6
QW carrier density NW , cm−3

−8

10

−10

10

−11

τc, s

17

10

10

−12

10

−13

10

−14

10

−15

10

x 10

5
4
3
2
with density−dependent τc

1

with fixed τc = 0.1 ps

−16

10

10

16

17

10

18

10
NB, cm−3

0
0

19

10

0.5

1

1.5
2
NB , cm−3

2.5

3
19

x 10

Fig. 2. Electron capture times through the phononic modes 𝜔+ , 𝜔− for
𝐿W = 3 nm.

Fig. 4. Carrier density 𝑁W on the QW bound level versus barrier states
carrier density 𝑁B , for 𝐿W = 3 nm.

shown in Fig. 4, obtained self-consistently, considering a twopopulations LED rate equation system for 𝑁B and 𝑁W in
stationary regime. The effect of the great increase of 𝜏𝑐 with
𝑁B is well evident (solid line), in comparison with employing
a constant 𝜏𝑐 (dashed line).
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IV. C ONCLUSION
All these facts indicate a capture time and self-energy that
are extremely variable with carrier density. This quantum
model allows to semi-analytically calculate ℑ (Σ𝑟 ) and 𝜏𝑐 ,
abandoning – when possible – the too simple approach of
a single-value approximation (e.g. the often used 𝜏𝑐 ≈ 0.1
ps) in LED simulations. We stress that this work is only
an example of a methodology applicable to all other phonon
modes and carrier-carrier scattering. Furthermore it can be easily extended to more realistic QW models, without substantial
modifications. Capture time, when polarization charges warp
eigenfunctions, scales to significantly longer values, but the
overall behavior with density is maintained.
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