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excitons typically have long natural life-
times, on the order of 10 −6 –10 −3 s. [ 2,15–17 ]  
A consequence of the long lifetime is that 
at the current densities often necessary to 
achieve high brightness levels, large triplet 
exciton densities are produced. These high 
densities result in exciton density-driven 
quenching processes, which are observed 
as a decrease in the  η EQE   with increasing 
current density (and thus increasing 
brightness), a characteristic termed the 
“effi ciency roll-off.” [ 16,18–22 ]  The effi ciency 
roll-off is one factor which may limit the 
implementation of OLEDs in high bright-
ness applications. Further, it has been sug-
gested that device operating lifetimes may 
suffer in devices with a high degree of effi -
ciency roll-off, as larger current densities 
are needed to reach high operating bright-
ness levels. [ 22–26 ]  

 There are a variety of emissive layer 
architectures which have shown high peak 
effi ciencies, including double-emissive 

layer (D-EML), [ 27–29 ]  mixed-emissive layer (M-EML), [ 30–32 ]  and 
graded-emissive layer (G-EML) [ 33–35 ]  devices. The D-EML con-
sists of two distinct layers, a hole transport material (HTM) and 
an electron transport material (ETM), both doped uniformly 
with a dilute emissive guest. This architecture can achieve a 
high degree of charge balance and strongly confi nes the charge 
carriers to a region near the HTM:ETM interface. The M-EML 
design consists of a uniformly mixed layer of HTM and ETM 
that is doped with the emissive guest. This design allows for the 
charge carrier mobilities of the composite layer to be tuned by 
varying the HTM:ETM ratio, ideally achieving ambipolar char-
acteristics to maximize charge balance and effi cient exciton for-
mation. [ 30 ]  The G-EML device is a single-layer device architec-
ture which consists of a continuously varying composition pro-
fi le, from nearly 100% HTM at the anode to nearly 100% ETM 
at the cathode, doped throughout with an emissive guest. [ 33 ]  
This device architecture has been previously used to achieve 
high  η EQE   in red-, green-, and blue-light-emitting devices. [ 34 ]  

 Whereas the G-EML device may be optimized by tuning the 
composition gradient profi le, the D-EML and M-EML device 
architectures often require the use of charge and exciton 
blocking and transport layers to achieve high peak performance. 
Device optimization is carried out by adjusting the doping con-
centration, thickness of each layer, and the overall HTM:ETM 
mixing ratio. These parameters are most often tuned to give 
low-voltage operation and high peak performance, though the 
impact these changes have on the spatial extent and location 

 Engineering Effi ciency Roll-Off in Organic Light-Emitting 
Devices 

   Nicholas C.    Erickson         and        Russell J.    Holmes   *   

 Previous studies have identifi ed triplet-triplet annihilation and triplet-polaron 
quenching as the exciton density-dependent mechanisms which give rise 
to the effi ciency roll-off observed in phosphorescent organic light-emitting 
devices (OLEDs). In this work, these quenching processes are independently 
probed, and the impact of the exciton recombination zone width on the 
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found that in devices employing a graded-emissive layer (G-EML) architecture 
the effi ciency roll-off is due to both triplet-triplet annihilation and triplet-
polaron quenching, while in devices which employ a conventional double-
emissive layer (D-EML) architecture, the roll-off is dominated by triplet-triplet 
annihilation. Overall, the effi ciency roll-off in G-EML devices is found to be 
much less severe than in the D-EML device. This result is well accounted 
for by the larger exciton recombination zone measured in G-EML devices, 
which serves to reduce exciton density-driven loss pathways at high excita-
tion levels. Indeed, a predictive model of the device effi ciency based on the 
quantitatively measured quenching parameters shows the role a large exciton 
recombination zone plays in mitigating the roll-off. 

  1.     Introduction 

 Organic light-emitting devices (OLEDs) are attractive for use in 
display and lighting applications due in part to high peak effi -
ciency operation. One development which has enabled high 
peak external quantum effi ciency ( η EQE  ) is the ability to harvest 
triplet excitons for electroluminescence (EL). The utilization of 
triplet excitons occurs via three pathways: (1) directly as radia-
tive decay, i.e. electrophosphorescence, [ 1–5 ]  or indirectly, from 
(2) triplet-triplet annihilation processes which result in the 
formation of a singlet exciton, [ 6–10 ]  or (3) singlet states which 
are populated through reverse intersystem crossing from tri-
plet states, as in thermally activated delayed fl uorescence 
(TADF). [ 11–14 ]  All of these routes, however, require population 
of the triplet exciton state through electrical excitation. Triplet 
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of the exciton recombination zone is rarely considered. The 
recombination zone width of D-EML and G-EML-based devices 
has previously been measured; it was found that the D-EML 
architecture had a signifi cantly reduced width ( W  ≈ 15 nm) 
compared to that of the G-EML device ( W  ≈ 80 nm). [ 36 ]  The 
G-EML device also shows a reduction in the effi ciency roll-off 
compared to the D-EML device. Here, we quantitatively examine 
the exciton quenching processes present in both architectures 
using transient and steady state photo- and electro-lumines-
cence measurements. All OLEDs and thin fi lm test devices 
were fabricated using 4,4’,4’’-tris(carbazol-9-yl)triphenylamine 
(TCTA) as an HTM, 4,7-diphenyl-1,10-phenanthroline (BPhen) 
as an ETM, and the archetypal green phosphorescent molecule 
tris(2-phenylpyridine)iridium(III) (Ir(ppy) 3 ) as the emitter. The 
important quenching parameters are measured independently, 
and the impact of the recombination zone width on effi ciency 
roll-off is examined directly and fully quantifi ed.  

  2.     Theory 

  2.1.     Exciton Density-Driven Quenching 

 The physical processes responsible for exciton quenching in 
phosphorescent OLEDs have been previously identifi ed as 
triplet-triplet annihilation between guest excitons and triplet-
polaron quenching. [ 15,16,18,20,37,38 ]  The impact of these two 
processes on the triplet exciton population can be written sepa-
rately as:
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 for triplet-triplet annihilation, and
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 for triplet-polaron quenching, where  n ex   is the triplet exciton 
population, which may depend on position within the emissive 
layer, τ is the exciton lifetime,  κ TT   is the rate of guest triplet-tri-
plet annihilation,  κ TP   is the rate of triplet-polaron annihilation, 
 G  is an exciton generation term, and  ρ  is the polaron density, 
which depends on position and which may be a function of the 
current density,  J , or voltage,  V , depending on the description 
of charge transport. [ 37,39,40 ]  In Equation  ( 2)  , the spatial overlap 
of polarons and excitons in the device is of particular impor-
tance. This property, however, is diffi cult to probe directly, thus 
the rate constant  κ TP   refl ects not only the strength of the inter-
action of polarons and excitons but also the spatial overlap. [ 16 ]  
Under device operating conditions, the exciton population 
becomes: [ 15,16 ] 
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 where the fi nal term represents electrical generation of excitons, 
 e  is the elementary charge, and  W  is the width of exciton recom-
bination zone in the device. Written this way, the generation 

term assumes all injected carriers form excitons, which may 
be the case for devices with a high degree of charge balance. 
Previously, loss of charge balance has been identifi ed as a con-
tributing factor to the effi ciency roll-off observed in devices. [ 20 ]  
Loss of charge balance may be mitigated through device design, 
either by material selection or the incorporation of charge 
blocking layers. Whereas  κ TT  ,  κ TP  , and τ are typically consid-
ered as material parameters that are independent of device 
design in typical OLED architectures, the exciton recombina-
tion zone in an OLED is dependent on the overlap of electron 
and hole charge densities, and thus is sensitive to the architec-
ture of the device, particularly the emissive layer design. It is 
also worth noting that as written, Equation  ( 3)   does not include 
the quenching of excitons formed on the HTM or ETM. This 
assumption is reasonable as the host molecular orbital energy 
levels have been chosen to encourage exciton formation directly 
on the emissive guest under electrical excitation. 

 Under optical excitation, excitons are likely formed on the 
hosts, with host-guest energy transfer occurring rapidly and 
effi ciently. [ 15 ]  Assuming a high photoluminescence (PL) effi -
ciency for emission, [ 41 ]  the luminescent output,  L , is linearly 
proportional to the exciton density ( L [t] ∼  n ex  [t]/τ), Equation  ( 1)   
may be solved to describe the transient decay of triplet guest 
excitons under optical excitation:
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 where  n ex  [0] is the initial population of excitons, and is calcu-
lated from measurements of the initial laser pulse energy, spot 
size, and the Beer-Lambert law using the optical absorption 
coeffi cients of each sample. 

 To realize an independent measurement of the exciton-
polaron interaction, Equation  ( 2)   may be solved in the 
steady-state:
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 Here, the polaron density,  ρ [ V ], is described as a function of 
applied voltage. Theoretically, the charge carrier density (and 
equivalently, the polaron density) may be predicted from the 
applied voltage,  V  (and consequently applied fi eld, assumed to 
be uniform across the device thickness,  d ,  F  = V / d ), in a device 
operating in the injection-limited current (ILC) regime. [ 42 ]  
This model has been previously used to describe single-carrier 
devices with contacts which inject and extract either electrons-
only, or holes-only. [ 39 ]  Under a continuous-wave optical pump 
and an applied DC voltage, the PL of a single-carrier D-EML or 
G-EML device (see Methods section) is given by Equation  ( 5)  . 

 A steady-state solution to Equation  ( 3)   may be found which 
describes the photon output per electron input, which is equiv-
alent to the external quantum effi ciency,  η EQE  . That solution, 
after Reineke et al., is: [ 16 ] 
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 where a relationship between the current density and polaron 
density in a full device is assumed,  ρ  =  CJ  1/(l+1) ;  C  is a constant 
which describes the electronic properties of the device, and  l  is 
taken to be unity. [ 16 ]    

  3.     Results and Discussion 

  3.1.     Characterization of Triplet-Triplet Annihilation 

 The normalized transient PL decay of each materials system 
and the corresponding fi ts using Equation  ( 4)   are shown in 
 Figures    1  a-c for multiple initial exciton densities. In all mate-
rial systems, an initial fast decay is observed which increases 
in severity with increasing excitation density. This feature is 
attributed to strong exciton-exciton quenching at high exciton 
densities. As the exciton population falls at longer times, due 
to both radiative decay and quenching events, exciton-exciton 
interactions decrease and the decay is dominated by the natural 
exciton lifetime. The  κ TT   and τ extracted for each system vary 
only within experimental error, and have average values of 
 κ TT   = (1.9 ± 4.1) × 10 −12  cm 3  s −1  and τ = (1.62 ± 0.19) × 10 −6  s. 
The average used here as  κ TT   refl ects the interaction of the emis-
sive guest with itself; these values are in good agreement with 
previous data reported for Ir(ppy) 3 -based systems. [ 15,16,43 ]    

  3.2.     Characterization of Triplet-Polaron Quenching 

 With τ determined from previous measurements,  κ TP   may be 
extracted independently, without the need to correct for tri-
plet-triplet annihilation, which is independent of the polaron 
density. Plots of the steady-state PL as a function of polaron 
density are shown in  Figure    2  a for D-EML and Figure  2 b for 
G-EML, hole-only devices. As the polaron density is increased, 
a clear decrease in steady-state PL is observed, indicating sig-
nifi cant exciton-polaron quenching. Electric fi eld-induced 
exciton quenching has been previously suggested as a loss 
pathway; however, such effects are typically observed only at 
very high fi elds ( F  > 2.5 MV/cm), [ 16,44 ]  greater than those used 
in the present study ( F  < 2.0 MV/cm). Interestingly, the values 
of  κ TP   extracted for D-EML and G-EML devices are similar, 
 κ TP   = (6.3 ± 4.7)v × 10 −13  cm 3 s −1  and  κ TP   = (2.8 ± 1.6) × 10 −13 , 
respectively. These values are in good agreement with those pre-
viously reported by Reineke et al. for TCTA:Ir(ppy) 3  devices. [ 16 ]  
In that work, the single-carrier devices were designed to be 

in the space-charge limited current (SCLC) regime and the 
polaron density was related to the current density in a trap-
fi lling SCLC model. [ 16 ]    

  3.3.     Effi ciency roll-off in D-EML and G-EML OLEDs 

 To characterize the effi ciency roll-off in full devices, optimized 
D-EML OLEDs were fabricated with the following structure: 
ITO (150 nm)/TCTA:5 wt.% Ir(ppy) 3  (40 nm)/BPhen:5 wt.% 
Ir(ppy) 3  (40 nm)/LiF (1 nm)/Al (100 nm). Optimized G-EML 
OLEDs had a structure of: ITO (150 nm)/[TCTA:BPhen]:2 wt.% 
Ir(ppy) 3  G-EML (1:1 gradient profi le, 100 nm)/LiF (1 nm)/
Al (100 nm). [ 33,34 ]  The current density-voltage and brightness-
voltage characteristics for each of the devices are shown in 
 Figures    3  a and  3 c, respectively. The corresponding peak-nor-
malized  η EQE   for the devices are shown versus current density 
in Figures  3 b and  3 d for D-EML and G-EML devices, respec-
tively; the peak  η EQE   of the D-EML device is  η EQE   = 11.3%, 
while the G-EML device reaches a peak  η EQE   = 16.3%. The best-
fi ts of Equation  ( 6)   to each device are also shown in Figures  3 b 
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 Figure 1.    Transient photoluminescence decays for 30-nm-thick fi lms of 
(a) TCTA:2 wt.% Ir(ppy) 3 , (b) BPhen:2 wt.% Ir(ppy) 3  and (c) TCTA:BPhen:2 
wt.% Ir(ppy) 3  at different initial exciton densities. Fits to Equation  ( 4)   for 
each measurement are shown as solid lines.
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and  3 d (solid line); the model parameters for each fi t are shown 
in  Table    1  . To compare the roll-off of devices with different peak 
 η EQE  , the current density at which the effi ciency decreases to 
half of its maximum, termed “J 0 ,” is noted, J 0  = 170 mA cm −2  
for the D-EML and J 0  = 325 mA cm −2  for the G-EML. As has 
been observed previously, the G-EML device exhibits signifi -
cantly less effi ciency roll-off than the D-EML device. [ 36 ]    

 For the G-EML device, best-fi ts of Equation  ( 6)   were achieved 
by allowing  κ TT   and  κ TP   to vary; the resulting values are  within  
the experimental error bars, indicating the high degree of accu-
racy with which the model (and measured values of  W ,  κ TT  , 
 κ TP  , and τ) reproduces the measured  η EQE  . In the case of the 
D-EML device, the best-fi t  κ TT   constant is also within experi-
mental error, see Table  1 . However, the best-fi t value of  κ TP   
for the D-EML devices is essentially zero, in contrast to the 
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 Figure 2.    Steady-state photoluminescence of (a) D-EML and (b) G-EML 
hole-only devices as a function of polaron density. Fits to Equation  ( 5)   are 
shown as solid lines for each device.

10-8

10-6

10-4

10-2

100

102

104

100

102

104

106

100

102

104

106

C
ur

re
nt

 D
en

si
ty

 (
m

A
 c

m
-2
) D-EML

0.2

0.4

0.6

0.8

1.0

 

 

1 10

10-7

10-5

10-3

10-1

101

103 G-EML

 

C
ur

re
nt

 D
en

si
ty

 (
m

A
 c

m
-2
)

Voltage (V)

G-EML
J

0
 = 325 mA cm-2

D-EML
J

0
 = 170 mA cm-2

100 101 102 103
0.2

0.4

0.6

0.8

1.0

 

 

N
or

m
al

iz
ed

 η
E

Q
E

Current Density (mA cm-2)

 B
rig

ht
ne

ss
 (

cd
 m

-2
)

 B
rig

ht
ne

ss
 (

cd
 m

-2
)

(a) 

(c) 

(b) 

(d) 

 Figure 3.    (a) Current density-voltage, brightness-voltage and (b) normalized  η EQE   for the D-EML device. (c) Current density-voltage, brightness-voltage 
and (d) normalized  η EQE   for the G-EML device. Fits to Equation  ( 6)   of the  η EQE   for each device are shown as solid lines. The J 0  of each device is noted, 
J 0  = 170 mA cm -2  for the D-EML device and J 0  = 325 mA cm -2  for the G-EML device.

  Table 1.    Measured and best fi t rate constants for triplet-triplet 
annihilation ( κ TT  ) and triplet-polaron quenching ( κ TP  ) for D-EML and 
G-EML OLEDs with the measured exciton lifetime (τ), and measured 
recombination zone width ( W ) of each device.  

 κ  TT   (cm 3  s −1 ) κ  TP   (cm 3  s −1 ) τ (s)  W  (nm)

D-EML (Measured) 1.9 × 10 −12 6.3 × 10 −13 1.62 × 10 −6 15

D-EML (Best Fit) 2.1 × 10 −12 0

G-EML (Measured) 1.9 × 10 −12 2.8 × 10 −13 80

G-EML (Best Fit) 5.7 × 10 −12 2.8 × 10 −13 
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measured value of  κ TP   from the above experi-
ments. This discrepancy likely arises from 
the different distributions of excitons and 
polarons within the test fi lms compared to 
actual devices. In the test fi lms, excitons are 
created throughout the fi lm, according to 
the optical fi eld distribution and the absorp-
tion properties of the materials; however, 
according to previous work on the D-EML 
device, [ 36 ]  excitons are only present near the 
HTM:ETM interface. That work ascribed 
the narrow recombination zone in D-EML 
devices to the short distance that minority 
carriers penetrate into the opposing host 
layer, likely by transport along the guest. In 
the low concentrations used in the D-EML 
device, effi cient charge transport along the 
guest is unlikely. The narrow recombina-
tion zone likely results in a much lower 
exciton-polaron density overlap in the actual 
D-EML device, which in turn reduces the 
best-fi t value of  κ TP ,  which, in the frame-
work of Equation  ( 2)  , refl ects both the 
interaction and spatial overlap of excitons 
and polarons. To verify this, the steady-state 
PL of hole-only devices with an alternate 
D-EML structure of: ITO (150 nm)/TCTA (45 
nm)/TCTA:5 wt.% Ir(ppy) 3  (5 nm)/BPhen:5 
wt.% Ir(ppy) 3  (5 nm)/UGH2 (45 nm)/Au 
(50 nm), where UGH2 is the wide-energy-
gap molecule: 1,4-bis(triphenylsilyl)benzene, 
was also examined. [ 4 ]  In this confi guration, 
excitons are only generated in the narrow 
region of the device containing Ir(ppy) 3 . In 
this device, no decrease in steady-state PL 
was observed with polaron densities up to 
10 19  cm −3 , giving  κ TP   ≈ 0, consistent with the 
fi ts of device  η EQE  . Clearly, both triplet-triplet annihilation and 
triplet-polaron quenching are processes which affect the roll-
off of G-EML devices, while the roll-off of the D-EML device 
is dominated by triplet-triplet annihilation. In both cases, the 
recombination zone width is fi xed to experimentally-measured 
values, and, given the good agreement of the  η EQE   data and 
fi ts to Equation  ( 6)  , is a key parameter in determining the effi -
ciency roll-off.  

  3.4.     Transient Measurements of OLED Electroluminescence 

 The cumulative effects of triplet-triplet annihilation and tri-
plet-polaron quenching can also be observed in transient EL. 
These quenching processes lead to a reduction in the total 
exciton lifetime, particularly under high excitation. Transient 
EL may therefore be used to show the impact of recombina-
tion zone width on the quenching processes in an OLED. 
Voltage pulses with a width of 250 ns and period of 200 µs 
were applied to D-EML and G-EML devices with a variable 
peak voltage,  V , and the resulting transient EL decays are 
shown in  Figure    4  a for  V  = 25 V. Previously, transient EL 

decays have been fi t using biexponential equations with short 
and long lifetimes, τ 1  and τ 2 , respectively. The short life-
time has been previously associated with host-guest interac-
tions, while the long lifetime has been associated with guest 
exciton decay. [ 15 ]  The fi tted values of τ 1  and τ 2  are shown in 
Figure  4 b over a range of voltages for both D-EML and G-EML 
devices. For low peak voltage pulses, both devices approach 
a common value of τ 2  which is in close agreement with the 
lifetime value measured in the PL transient experiments. At 
high peak voltage pulses, the value of τ 2  decreases drastically 
in the D-EML device relative to the G-EML device. The longer-
lived EL transients of the G-EML devices, compared to the 
D-EML devices, indicate the role the wide recombination zone 
plays in mitigating the exciton density-dependent quenching 
effects.   

  3.5.     Predicting  η EQE   roll-off in OLEDs 

 Given the good fi ts obtained using Equation  ( 6)   and the effi -
ciency roll-off of the G-EML devices, it is instructive to pre-
dict the effi ciency roll-off of G-EML devices with a range of 
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 Figure 4.    (a) Transient electroluminescence decays for D- EML (squares) and G-EML (circles) 
devices for a voltage pulse of 250 ns, with a peak voltage,  V  = 25 V. Biexponential fi ts to the 
transient decay of each device are shown as solid lines. (b) Transient fi t lifetimes, τ 1  (open) and 
τ 2  (closed) as a function of voltage for D-EML (squares) and G-EML (circles).
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recombination zone widths, keeping  κ TT  ,  κ TP  , and τ fi xed to 
the measured values.  Figure    5  a shows the effi ciency roll-off of 
G-EML devices having recombination zone widths which vary 
from 2–200 nm, together with the  η EQE   of the reported G-EML 
device. To compare the devices, the predicted J 0  of each device 
is plotted versus recombination zone width in Figure  5 b. As 
seen in Figure  5 b, there is a sharp increase in J 0  for a mod-
erate increase in  W , particularly for low recombination zone 
widths. For devices like the D-EML-based OLEDs with inher-
ently small recombination zones, engineering a small improve-
ment in recombination zone width may have a large impact 
on the effi ciency roll-off. In G-EML OLEDs, increases in thick-
ness to further expand the recombination zone must be bal-
anced by potential increases in resistance and driving voltage. 
It is expected that this optimization will be facilitated by fur-
ther engineering the composition gradient in thick layers. In 
all OLEDs, engineering the recombination zone width, while 
maintaining charge and exciton confi nement, offers a route 
towards improving the effi ciency roll-off in OLEDs.    

  4.     Conclusion 

 In summary, the four main parameters which impact effi -
ciency roll-off in OLEDs ( κ TT  ,  κ TP  , τ, and  W ) have been meas-
ured independently for D-EML and G-EML devices. A model 
of the effi ciency roll-off which is based on those parameters 
was used to accurately predict the performance of the OLEDs 
of interest. In the case of the G-EML device, it was found 
that the  η EQE   is well-predicted by measured values of  κ TT   and 
 κ TP  , with the recombination zone fi xed according to previous 
experimental results. In the D-EML device, the  η EQE   was best-
predicted using only  κ TT  , with  κ TP   ∼ 0. These results indicate 
that triplet-triplet annihilation and triplet-polaron quenching 
are processes which impact the effi ciency roll-off of G-EML 
devices, while the D-EML device effi ciency roll-off is domi-
nated by triplet-triplet annihilation. Further, the G-EML device 
exhibited signifi cantly less effi ciency roll-off, due in large part 
to the wide recombination zone present in that device. Model 
predictions of the effi ciency roll-off of G-EML devices, with 
fi xed quenching parameters  κ TT  ,  κ TP  , and τ, were shown to 
depend strongly on the exciton recombination zone width. In 
the future, the G-EML device architecture may offer a route 
towards engineering effi cient, single-layer OLEDs which have 
large recombination zones, thus reducing the effi ciency roll-off 
and extending the range of useful brightness levels in OLED 
applications.  

  5.     Experimental Section 
 Organic light-emitting devices were fabricated on glass substrates 
coated with a 150-nm-thick layer of indium-tin oxide (ITO) having 
a sheet resistance of 15 Ω/�. Substrates were cleaned and treated 
in UV-ozone ambient prior to fi lm deposition. All organic layers 
were grown using vacuum thermal sublimation (<10 −7  Torr) without 
breaking vacuum. Devices were defi ned by evaporating a cathode 
consisting of a 1-nm-thick layer of LiF and a 100-nm-thick layer 
of Al through a shadow mask with 1 mm diameter openings. 
The D-EML devices had the following structure: ITO (150 nm)/
TCTA:5 wt.% Ir(ppy) 3  (40 nm)/BPhen:5 wt.% Ir(ppy) 3  (40 nm)/LiF 
(1 nm)/Al (100 nm). Optimized G-EML devices had a structure of: 
ITO (150 nm)/[TCTA:BPhen]:2 wt.% Ir(ppy) 3  G-EML (1:1 gradient 
profi le, 100 nm)/LiF (1 nm)/Al (100 nm). [ 33 ]  Films for transient PL 
measurements were deposited on pre-cleaned glass substrates for 
each host:guest combination of interest. Hole-only single carrier 
devices were fabricated on pre-cleaned glass substrates with ITO as a 
bottom contact and Au as a top contact. 

 Transient PL experiments were conducted using a pulsed nitrogen 
laser (Optical Building Blocks) with an excitation wavelength of 
λ = 337 nm, a pulse length of approximately 1 ns. The laser spot 
size was limited by an iris diaphragm to a diameter of 2 mm at the 
sample. The laser pulse energy was measured using a Coherent 
EnergyMax 10MB-HE powermeter. The pulse energy was measured to 
be 33.1 µJ at the sample surface. The transient PL signal was collected 
with a set of lenses and focused down on to a fast photodiode 
(Thorlabs PDA10A). The photodiode signal was recorded using a 
1GHz bandwidth oscilloscope (Tektronix TDS5104b). Transient EL 
experiments were conducted using a pulse generator (HP 8114a) 
and the collection setup described above. For the steady-state PL 
quenching experiments, an LED laser with a pump wavelength 
λ = 405 nm (B&W Tek 405–40E) was used to excite the samples, 
while a large-area silicon photodiode was used to detect the emission 
(Hamamatsu S3584–08).  
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 Figure 5.    (a) Normalized  η EQE   for G-EML devices with varying recombi-
nation zone widths, as predicted from Equation  ( 6)  . Measured data for 
the G-EML device used in the present study is shown (circles) together 
with the best fi t to Equation  ( 6)  . (bold line). (b) The J 0  of each predicted 
device is shown versus recombination zone width.
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