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Abstract：This paper proposes and analyzes recycling of optical phonons emitted by nonradiative decay, 
which is a major thermal management concern for high-power light emitting diodes (LED), by introducing 
an integrated, heterogeneous barrier cooling layer. The cooling is proportional to the number of phonons 
absorbed per electron overcoming the potential barrier, while the multi-phonon absorption rate is inversely 
proportional to this number. We address the theoretical treatment of photon-electron-phonon 
interaction/transport kinetics for optimal number of phonons (i.e., barrier height). We consider a 
GaN/InGaN LED with a metal/AlGaAs/GaAs/metal potential barrier and discuss the energy conversion 
rates. We find that significant amount of heat can be recycled by the barrier transition cooling layer.
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― Nomenclature ―

Je : Electrical current [A]
  : Transition cooling rate [W]
  : Non-radiative emission [W]
  : Radiative emission [W]

 : Net phonon produced [W]

 : Radiative decay constant [cm3/s]

 : Carrier concentration [cm-1]

 : Shockly-Read-Hall coefficient [s-1]

 : Auger coefficient [cm6/s]

m : Atomic mass [kg/mole]
u : Acoustic velocity [m/s]
fo : Distribution function
Ee : Electron energy [eV]
 : Number of absorbed phonon

 : Electron energy over conduction edge

Greek Symbols
 

 : Potential barrier [eV]

 : Electrical potential [V]

 : Radiative transition rate [s-1]

ρ : Density [kg/m3]
ω : Frequency [rad/s]
 : Gruneisen parameter

Γ : Force constant [N/m]
′ : Optical deformation potential [eV/m]

Subscripts
p : Phonon
p,A : Acoustic phonon
p,O : Optical phonon
AA : Anion
CC : Cation
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1. Introduction

LED lighting currently has up to 35% 
plug-in-efficiency (3-fold larger than incandescent 
lighting)1), however its concentrated heat loss 
requires elaborate heat sinks2). In incandescent 
lamp the heat loss is due to the nonvisibile 
photon emission, and this radiation is spread over 
the large surface area of the lamp3). However, in 
LEDs the loss is through phonon emission (by 
nonradiative decay and other processes) which is 
transported through the solid structure (chip and 
its substrate)4). Moreover, the current LED 
thermal-damage threshold is about 100 ℃, thus 
making its thermal management challenging1). 
Heterogenous thermionic cooling is ballistic 
transport of nonequilibrium electrons over a 
potential barrier created by a heterogenous layer 
with the energy supplied by absorption of phonon 
5~8), A successful implementation of AlGaAs/GaAs 
multiphonon-absorption barrier transition has been 
experimentally demonstrated with increase in the 
open-circuit voltage in solar cells9). Various 
theoretical models and predictions have shown that 
its coefficient of performance is much larger than 
that of the thermoelectric cooling7),10~13). Such 
models focus mainly on the electron transport 
across potential barriers created by the work 

function differences and current density   

predicted by the Richardson equation which does 
not address the electron-phonon kinetics at the 
atomic level (done for various photonic systems 
14~16)). In this paper we consider recycling a part 
of the emitted phonons through the use of a 
barrier transition cooling (BTC) layer (or BTCL) 
at the LED chip level. 

2. Theoretical Analysis

We address various energy conversion and 

transport processes and rates (including 
multiphonon absorption) in BTCL-LED, identify 
the bottleneck process. Then, we tune the BTCL 
barrier height for maximum energy conversion 
efficiency, BTCL, not requiring a separate circuit, 
suits well in a series arrangement in the LED 
chip, as shown in Fig. 1(a). We consider a 
heterogenous LED chip with an adjacent 
metal/barrier/metal BTCL. External potential drives 
the electrons over the potential barrier  (by 

absorption of phonons) created by a heterogeneous 
layer. Then the electrons are injected into the 
LED chip for radiative transition and nonradiative 
decays. The phonon generated by the nonradiative 
transition in the LED chip is transferred by 
various phonon transport mechanism such as 
optical/acoustic phonon transmission and phonon 
up/down transport mechanism such as 
optical/acoustic phonon transmission and phonon 
up/down conversion at the interface. The 
conceptual energy diagram and energy conversion 
is shown in Fig. 1(b) and the energy flow 
diagram of input power   (product of current 

and electric potential across LED), barrier 

transition cooling   , nonradiative emission 
 , radiative emission   , and net phonon 

produced  are shown in Fig. 1(c).

By recycling phonons emitted by nonradiative 
emission, larger electrical energy is not necessary 
to drive the cooling system, as long as the 
phonon absorption rate is not the bottleneck 
process. We now analyze these related interactions 
to identify the bottleneck processes while making 
some reasonable assumptions. The proposed 
BTCL-LED is addressed considering the interplays 
among the three energy carriers (photons, phonon, 
and electron) and their interaction rates based on 
the Fermi golden rule.
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Fig. 1 (a) Integrated LED layer and 
metal/barrier /metal BTCL. (b) The conduction 
electron energy diagram and related carrier 
transitions. (c) The energy flow diagram of such 
BTCL integrated LED chip. Although the available 
chip-level simulation analysis17) can be applied for 
detailed performance, here we focus on the carrier 
transitions and the kinetics of carrier interactions 
in order to identify the multiphonon absorption 
bottlenecks and phonon recycling limits. The 
relevant carrier transitions in LED and BTCL are 
shown in Figs. 2(a) to (d). Figure 2(a) shows the 
radiative transition and the nonradiative transitions 
in LEDs producing photons and phonons 
respectively. Figure 2(b) shows the phonon 
transmission processes between LED and BTCL, 
i.e., the optical and acoustic phonon transmissions 
and the optical phonon decay. Figure 2(c) shows 
the phonon-phonon upconversion and Fig. 2(d) 
electron-phonon transition processes in BTCL.

Fig. 2 Detailed carrier transitions are shown for 
(a) radiative and nonradiative transitions in LED, 
(b) phonon transmission in LED/BTCL boundary, 
and (c) phonon upconversion (d) multiphonon 
absorption in BTCL.

We only consider the optical phonon absorption, 
because this is found to be an order of magnitude 
larger than acoustic phonon absorption rate18) 
(which is extremely low multiphonon absorption 
due to relatively low energies). The radiative 

transition rate   in LED is linearly dependent on 

the carrier concentration and is simply given by19)

   (1)

where   is the radiative decay constant and 

  is the carrier concentration. Note that we use 

units of s for transition rates.
The dominant nonradiative decays are the 

Shockley-Read-Hall (SHR) and Auger recombination. 
The SHR recombination is due direct multiphonon 
decay at the defect sites, while the Auger 
recombination is due to transfer of energy to a 
conduction electron followed by a multiphonon 
decay. These nonradiative recombination are 
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commonly presented with simple expressions (e.g., 
for GaN19)). The total nonradiative transition rate 
 depend on the carrier concentration (SHR is 

given as a constant coefficient, while the Auger 
has a quadratic dependence) as

 
  (2)

where  and   are the Shockly-Read_Hall 

and Auger recombination coefficients respectively. 
The phonon frequencies generated by these 
nonradiative transitions depend on the highest 
available phonon frequency in the lattice and 
decay to the lower frequencies via phonon-phonon 
interaction processes.

The phonon generated by the nonradiative 
transition in LED is transmitted to the BTCL by 
various phonon-phonon transitions and transmission 
processes. Significant optical phonon population is 
available in GaN, due to the large optical phonon 
life-times {when cation and anion mass ratio 
 > 4, LO (longitudinal optical) ⟶ 2TA 

(transverse acoustic) or 2LA (longitudinal acoustic) 
decay channels are unavailable and the dominate 

decay channel is found to be LO ⟶ {LO   
LA(TA)}. These optical phonon modes is first 
transmitted to the metal layer which acts as a 
contact between the LED and BTCL. Since for 
metals such as Al, there are no optical branches 
and the optical phonon modes must be 
downconverted in order to propagate within. The 
down conversion rate in the metal layer can be 
calculated by three phonon interaction model given 
as






 






 



×    

 
  

 
 

 , 

 

     (3)

where  is the density,  and  are the 

acoustic and optical phonon velocities respectively, 
 and  are the acoustic and optical phonon 

frequencies respectively, 
 is the phonon 

distribution function,  is the Grüneisen 

parameter, and  and  are the force 

constants which can be estimated by material 
metrics14),20). We have used the DebyeEinstiein 
phonon density of states model and assumed that 
the two acoustic phonons are identical.

Acoustic phonon transmission rate can be 

estimated by dividing transmission length ( ) by 
acoustic velocity and the transmission coefficient is 
predicted by diffuse mismatch model(DMM) using 
the difference in the mode velocities across the 
interface. Considering transverse acoustic waves 
have velocities of 6420 m/s, 3960 m/s and 2800 
m/s respectively in aluminum, zinc-blend GaN and 
GaAs in [111] direction (we take a conservative 
approach and take the smaller values) then the 
inverse of the acoustic mode propagation time 
through Al, GaN and GaAs can be estimated to 

be of the order of s up to 1m  in 
combined length which is extremely fast. Although 
we our predicted DMM-based transmission 
coefficient are 0.80 for GaN/Al and 0.55 for 
Al/GaAs interfaces, the availability of the acoustic 
modes in the BTCL　 layer not expected to limit 
the kinetics of the system due to much higher 
transition rate compared to the electron transition 
rates.

Acoustic modes available in the BTCL can be 
upconverted to form higher energy phonons to be 
used in the multiphonon absorption process across 
the potential barrier and this rate can be also 
calculated by three phonon interaction model given as 






 






 



×


 

 (4)
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where the distribution functions are modified for 
annihilation of two acoustic phonons and creation 
of one optical phonon.

We formulate the electron transition over the 
potential barrier ∆ as an optical phonon 

absorption process in the presence of a bias 
voltage. The relation for single optical phonon 
absorption rate in semiconductors is derived using 
the Fermi golden rule and is 18)




′    (5)

where ′ is the optical phonon deformation 

potential,   is the reduced electron mass, and 

  is the electron energy. We have used the 

parabolic band assumption for the electronic 
density of states near the bandedge.

Here, in order to predict the performance of the 
integrated BTCL/LED system, we take various 
properties from a sample LED found in ref 19). 
We assume temperature independence of the 
properties since we expect that the BTCL will 
limit any significant temperature increase. Also, all 
the temperature dependance is taken care of by 
the distribution function when we calculate the 
rates of the processes.

Table 1 Various transition rates () for sample 

LED and BTCL using properties found in ref. 

19).   ×
,  and T = 

323 K are used throughout. The current density 

can be found by   (number of 

electrons per unit area per second), where  is 

electron charge.

  
   

   
  

  


× × × × ×

a.     ×
  cms         

b.   × s             

c.   ×
  cms      

d.   kgm                      
    ms                    

    THzs                   

    THzs
e. ′     eVÅ
    
    eV
    eV

From Table 1, the single-phonon absorption rate 
is much faster than other processes. This suggests 
multiphonon absorption can be accommodated in 
the TCL, i.e., we can use a barrier height 
exceeding the available single phonon energy. We 
use the commonly used exponential dependence 
(of the phonon distribution function) for the 
multiphonon transition processes given as




   (6)

where  is the number of absorbed phonons. The 

variation of the multiphonon transition rate with 
respect to  is shown in Fig. 3 along with the 

LED total transition rate .

Fig. 3 Variation of multiphonon transition rate with 
respect to the number of phonons absorbed.
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3. Discussion

From the results, the multiphonon transition rate 
becomes the bottle neck process at    for 

.= 0.035 eV. So, when the barrier height 

exceeds approximately 0.4 eV, the electron 
transition over the potential barrier becomes the 
limiting process, thus reducing the electron 
injection into the LED layer. This will then 
significantly reduce the LED performance and is 
not desirable.

We now calculate the performance of LED with 
a BTCL by using the transition rates under 
constant current assumption. When the BTCL is 
added to the LED, the barrier acts as an extra 
resistance and has an adverse effect on the current 
which produces extra phonons (Joule heating). This 
adverse effect will reduce the total radiative 
transition rate by the second term given below


     (7)

where  is the electron energy over the 

conduction bandedge at the bottom of the barrier 
potential and results in an additional nonradiative 
emission given by the second term below


     (8)

here we take  as  to ensure a constant 

current up to the barrier bottleneck (i.e.,   ). 

The energy conversion rate is given by 
 

 where  is the volume. We 

define the overall quantum efficiency as 

 





 , which is the 

ratio of the photon emission rate to the total input 
power (including the power required for cooling). 
The calculated results are shown in Fig. 4 for 

 the sample LED produces 1.5 and 
1.4 W of phonon and photon energy, respectively. 
When the BTCL of 100 nm is added (shown with 

  ), the adverse effect on the current 

increases the phonon emission and decreases the 
photon emission as the barrier height is increased. 
Therefore, it is predicted that barrier height over 
0.35 eV will emit significant number of extra 
phonons which will destabilize the system. Note 
that BTCL thickness should be large enough to 
avoid any quantum well effect. The barrier 

transition cooling rate  increases with  

due to higher energy absorbed per transition, while 
the kinetics is limited by LED total transition (i.e., 



). Above   , 

performance is limited by the barrier bottleneck in 
Fig. 3. We find that  peaks at    which 

corresponds to a barrier height of 0.288 eV which 
is a 17% improvement over the LED with no 
such BTCL. The results in Fig. 4 also show that 
the quantum efficiency slightly increases as 
non-radiative decay is limited as the multi-phonon 
transition rate increases. However, when the barrier 
height becomes too large (above Np = 9), the 
quantum efficiency drops sharply due to significant 
non-radiative decay caused by back flow of 
electrons because of the high energy barrier.

Fig 4. Variation of the energy conversion rate with 
respect to the number of phonons required to 

overcome the potential barrier. The overall quantum 
efficiency is also shown.
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This recycles up to 30% of heat (phonon) 
generated by the nonradiative decay reducing 
required heat removal load in operating LED (then 
requiring a smaller heat sink).

5. Conclusions

Note that the above calculations are for the 

cooling rate  based on the equilibrium 

phonon population at T = 323 K. However, when 
phonon transport path short (as is here) and for 
materials (such as GaN and InN) containing 
significant mass miss match (between cations and 
anions), the multiphonon transition rate is 
influenced by nonequilibrium optical phonons due 
to long lifetime of optical phonon modes. Such 
nonequilibrium contribution also encountered and 
discussed in other photonic systems15), but is 
rather difficult to quantify the LED system.
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