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Abstract — We measure the photoluminescence and
photocurrent of a blue LED under open- and short-circuit 
conditions to distinguish between drift and non-drift related 
carrier loss mechanisms.  We also vary the excitation intensity 
and temperature to monitor changes in recombination 
parameters.  Using a simple rate equation model, we find that 
diffusion-related non-radiative recombination is thermally 
activated with an activation energy equal to approximately 44 
meV, while drift-related losses account for an excitation- and 
temperature-independent 10%  short-circuit current deficit when 
the carrier density exceeds a threshold of 5 × 1014 cm-3.

I. INTRODUCTION 

Non-radiative recombination limits the performance of all 
semiconductor devices.  Recombination centers can occur in a 
variety of forms, from microscopic point defects to extended 
features like dislocations and mismatched heterojunctions.  
But charge carriers must travel to reach these centers.  Hence, 
we may be able to control recombination losses if we know 
how the charge carriers move to the recombination sites. 

Charge carrier transport can be separated into two general 
categories: diffusion and drift.  Diffusion is driven by random 
motion and concentration gradients – carriers tend to move 
from high concentration regions to low concentration regions 
so the multiplicity of configurations increases in accordance 
with the second law of thermodynamics.  In contrast, drift is 
driven by electric fields, like the built-in field across the p-n 
junction of a diode.  Most carriers in an operational 
semiconductor device exhibit a combination of both modes of 
transport. 

In this investigation, we seek to distinguish between 
diffusion- and drift-related contributions to photovoltaic 
losses.  We accomplish this task by comparing the steady-state 
response under open- and short-circuit conditions.  For a 
stand-alone device with no external circuit, there is no net drift 
of free carriers through the device in steady-state.  But when 
the device is short-circuited, carriers will drift through the 
device and contribute to current around the circuit.  We 
compare the photoluminescence intensity that is emitted by the 
device under open- and short-circuit conditions, carefully 
accounting for carriers that contribute to the current in the 
short-circuit case.  Our analysis quantifies the augmented 
losses associated with the short-circuit drift. 

 

II. EXPERIMENT 

Our test device for demonstrating this characterization 
technique is a high-brightness blue LED.  A similar study has 
been reported on this type of device, [1] but the authors did 
not use temperature to examine thermal effects.  The structure 
consists of n-GaN, several InGaN/GaN quantum wells (QWs), 
and p-GaN grown on a sapphire substrate.  Details are 
comparable to those of Device B described in Reference [2].  
The device is mounted in an Oxford Instruments Optistat DN 
cryostat and illuminated by an AixiZ 405nm, 150 mW laser.  
The beam quality of this extremely economical diode laser is 
far from ideal: the low-quality output coupler produces a ring-
shaped pattern, which we focus to a diameter of approximately 
0.6mm centered on the 1mm × 1mm device.  Representative 
images of the photoluminescence pattern are shown in Fig. 1. 

 
Fig. 1. Representative photoluminescence images showing the 
inhomogeneous excitation pattern (Temperature = 155K).  The 
excitation estimates noted on each image are obtained by dividing the 
incident laser power by the illuminated region of the device. 
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The laser intensity is controlled with a set of New Focus 
5215 neutral density filter wheels.  A pair of lenses direct the 
integrated photoluminescence to a New Focus 2031 Large 
Area Photoreceiver with a GG435 long-pass colored glass 
filter to eliminate scattered laser light.  For short-circuit 
experiments, a Keithley 2400 SourceMeter set to source zero 
volts is used to measure the short-circuit current. 

III. RESULTS 

The free-carrier generation rate G depends on the incident 
laser power (corrected for reflections), the fraction absorbed, 
the photon energy, and the excitation area.  Absorption 
calculations are difficult because, in addition to the active 
QWs, the device structure includes several other layers with 
potentially significant absorption.  In particular, we estimate 
that sub-bandgap absorption in the 2 m n-GaN buffer could 
capture up to 30% of the incident light. [3]  Meanwhile, 
absorption measurements are complicated by scattering from 
the patterned growth plane and at the unpolished bottom 
surface of the substrate.  Since a minimum of 50% absorption 
is required to account for the short-circuit current output at  

Fig. 2. Normalized photovoltaic quantum efficiency vs. the rate of 
electron-hole pair generation under short-circuit conditions at two 
temperatures (100K and 185K).  The solid lines are only linear 
guides to the eye. 
 

Fig. 3. Radiative efficiency vs. the rate of electron-hole pair 
generation under open- and short-circuit conditions at 100K and 
185K.  The solid lines are theoretical calculations based on the model 
described in the Section IV. 
 
maximum photovoltaic quantum efficiency, we employ this 
lower bound in our analysis.  To estimate the excitation area, 
we use a high-contrast photoluminescence image (like the 
high-power, short circuit image in Fig. 1), where pixels with 
counts exceeding half of the maximum are considered 
illuminated.  Fig. 2 shows how the normalized photovoltaic 
quantum efficiency (i.e. the current out divided by the free-
carrier generation rate) depends on excitation. 

A relative measure of the radiative efficiency is given by the 
ratio of the integrated photoluminescence signal and the 
incident laser intensity.  But under open-circuit conditions at 
100K, we note that the radiative efficiency is relatively 
constant as the photoexcitation intensity is varied by nearly 
four orders of magnitude. We also note that the open-circuit 
efficiency at 185K approaches a comparable level at high 
excitation.  Hence, we assume that this level corresponds to 
approximately 100% internal radiative efficiency and we 
normalize our other measurements accordingly.  The 
calibrated radiative efficiency data is shown in Fig. 3. 
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IV. ANALYSIS 

The reduction of photovoltaic efficiency with increasing 
generation rate correlates well with the accompanying increase 
in radiative efficiency, indicating that our scaling procedure is 
relatively accurate.  The solid lines in Fig. 3 are the results of a 
more quantitative rate equation analysis of the experimental 
results.  Since all measurements are conducted in steady-state, 
we employ the following relations: 

   (1) 

(2) 

where (1) is used for open-circuit and (2) is used for short-
circuit conditions.  In these expressions, n is the density of free 
carriers, B is the radiative recombination coefficient, Ad(T) is a 
temperature-dependent diffusive non-radiative recombination 
coefficient, ISC is the measured short-circuit current out, qV is  

Fig. 4. Arrhenius plot of the temperature-dependent non-radiative 
recombination coefficient Ad that is used to fit the open-circuit 
results.  The slope yields a thermal activation energy of 
approximately 44 meV. 

the product of the electron charge and active device volume, 
ISH is shunt current loss, [4] and NI is a density threshold for 
the shunt current mechanism (when n < NI, ISH is set to zero). 

We start with a room-temperature radiative recombination 
coefficient of B = 3 × 10-11 cm3/s, [5] which may include 
photon recycling, and correct for temperature by assuming that  
B is proportional to T –3/2. [6] Above a small carrier density 
threshold (NI = 5 × 1014 cm-3), the photovoltaic efficiency 
experiences an abrupt drop and a density-activated shunt 
current mechanism is required to fit the short-circuit 
measurements.  Presumably, carriers are localized in less 
defective channels, reducing leakage when n < NI. [2] This 
excitation- and temperature-independent drift-related loss 
mechanism eliminates 10% of the short circuit current 
(i.e. ISH = 0.1ISC) for carrier densities exceeding NI. 

At each temperature, open-circuit experimental results for 
photoexcitation conditions varying by nearly four orders of 
magnitude are modeled according to Eq. 1, with Ad as the only 
adjustable parameter. As shown in Fig. 4, this diffusive (i.e. 
non-drift related) non-radiative recombination coefficient 
depends strongly on temperature, with a thermal activation 
energy of 44 meV.  This quantity is roughly half the LO 
phonon energy (87 meV) deduced from phonon replicas in the 
emission spectrum.  Curiously, we obtain lower error when the 
SRH-type recombination mechanism [7] is omitted from the 
short-circuit model, suggesting that this non-radiative process 
does not play a significant role when the carriers drift.  Motion 
along the direction of the internal field may preclude capture 
at the diffusion-related recombination centers that dominate in 
the open-circuit configuration. The deviation between 
experiment and theory at 100K in the high generation regime 
can be attributed to efficiency droop, which sets in at lower 
excitation when the device is cold. [2,5]  The specific loss 
mechanism associated with efficiency droop in these kinds of 
devices remains subject to debate. 

Our analysis indicates that the decrease in radiative 
efficiency with increasing temperature for the low excitation, 
open-circuit configuration is due to an increase in diffusive 
non-radiative recombination.  Meanwhile, the decrease in 
radiative efficiency with increasing temperature for the high-
excitation, short-circuit configuration can be attributed to the 
decrease in the radiative recombination rate.  And above a 
relatively low excitation threshold, a systematic 10% loss of 
drifting carriers accompanies the current flow in the short-
circuit configuration.  We find that combining 
photoluminescence with photocurrent measurements over a 
wide range of temperatures and excitation conditions enables 
us to identify and characterize three contributions to carrier 
dynamics in the device, namely: radiative recombination, 
diffusive non-radiative recombination, and drift-related current 
loss.  The complementary techniques yield a more thorough 
characterization protocol, which may facilitate technology that 
improves future device performance. 

0)(2 nTABnG
dt
dn

d

02

qV
I

n
Nn

qV
I

BnG
dt
dn SHISC

978-1-5090-2724-8/16/$31.00 ©2016 IEEE 1551



REFERENCES 
[1] Seung-Hyuk Lim, Young-Ho Ko and Yong-Hoon Cho, "A 

quantitative method for determination of carrier escape 
efficiency in GaN-based light-emitting diodes: A comparison of 
open- and short-circuit photoluminescence," Appl. Phys. Lett. 
104, 091104 (2014). 

[2] Yue Lin, Yong Zhang, Zhiqiang Liu, Liqin Su, Jihong Zhang, 
Tongbo Wei, and Zhong Chen, "Interplay of point defects, 
extended defects, and carrier localization in the efficiency droop 
of InGaN quantum wells light-emitting diodes investigated 
using spatially resolved electroluminescence and 
photoluminescence,"  J. Appl. Phys. 115, 023103 (2014). 

[3] O. Ambacher, W. Rieger, P. Ansmann, H. Angerer, T.D. 
Moustakas, and M. Stutzmann, "Sub-bandgap absorption of 

Gallium Nitride determined by photothermal deflection 
spectroscopy," Solid State Commun. 97, 365 (1996). 

[4] Jenny Nelson, The Physics of Solar Cells. London: Imperial 
College Press, 2003. 

[5] J. Hader, J. V. Moloney, and S. W. Koch, "Temperature-
dependence of the internal efficiency droop in GaN-based 
diodes," Appl. Phys. Lett. 99, 181127 (2011). 

[6] T.H. Gfroerer, L.P. Priestley, M.F. Fairley, and M.W. Wanlass, 
"Temperature dependence of nonradiative recombination in 
low-bandgap InGaAs/InAsP double-heterostructures grown on 
InP substrates," J. Appl. Phys. 94, 1738 (2003). 

[7] W. Shockley and W. T. Read, Jr., Phys. Rev. 87, 835 (1952); 
R. N. Hall, ibid. 87, 387 (1952).  

978-1-5090-2724-8/16/$31.00 ©2016 IEEE 1552



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


