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Deep-level defects in Ing 17Gag g3N/Ing g2Gag 9sN/p-GaN:Mg heterostructures
were studied using deep-level optical spectroscopy (DLOS). Depth-resolved
DLOS was achieved by exploiting the polarization-induced electric fields to
discriminate among defects located in the Ing 17Gag gsN and the Ing goGag 9sN
regions. Growth conditions for the In,Ga;_,N layers were nominally the same
as those in InGaN/GaN multi-quantum-well (MQW) structures, so the defect
states reported here are expected to be active in MQW regions. Thus, this
work provides important insight into defects that are likely to influence MQW
radiative efficiency. Ing17GaggsN-related bandgap states were observed at
E, +160¢eV and E, + 2.59 eV, where E, is the valence-band maximum,
compared with levels at E, + 1.85 eV, E, + 2.51 eV, and E, + 3.30 eV in the
Ing 02GaggsN region. A lighted capacitance—voltage technique was used to
determine the areal density of deep states. The possible origins of the asso-
ciated defects are considered along with their potential roles in light-emitting

diodes.
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INTRODUCTION

Blue- and green-emitting InGaN-based light-
emitting diodes (LEDs) are of interest for a variety
of applications, including solid-state lighting.! The
radiative efficiency of InGaN LEDs is expected to be
limited in part by the deleterious impact of defects.
Defects impact the radiative efficiency of quantum
wells (QWs) by introducing deep levels in the
bandgap that can serve as nonradiative recombi-
nation centers (NRCs). Despite extensive scrutiny,
few deep-level defects have been identified for
InGaN films, and their impact on InGaN/GaN QW
internal quantum efficiency (IQE) is not fully
understood.

One approach to studying InGalN defects has been
to investigate InGaN/GaN LEDs as a whole. This
method presents the difficulty of detecting defects
that are associated with the thin (~3 nm) InGaN
wells and discerning them from defects located in
the thicker GaN barriers (~10 nm) or n-type or
p-type GaN regions (>100 nm). For example, a
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decrease in the photocurrent of an InGaN/GaN LED
after electrical stressing has been attributed to the
generation of NRCs in the QW region, though the
putative defects themselves were not observed or
identified.? Techniques such as deep-level transient
spectroscopy (DLTS) combined with capacitance—
voltage (C-V) profiling provide some depth resolu-
tion to identify QW defect states in LEDs.>*
However, previous DLTS investigations were un-
able to discern between deep-level defects associ-
ated with InGaN quantum wells or nearby GalN
regions.® In addition to ambiguous spatial resolu-
tion, application of DLTS to InGaN/GaN LEDs
suffers other drawbacks. The thermal instability
of InGaN wells limits the maximum temperature of
DLTS to a range that precludes the investigation of
deep levels near the middle of the InGaN bandgap,
where NRCs are most active. Also, quantitative
assessment of the defect density is not possible via
DLTS due to the rapidly spatially varying free car-
rier concentration in the MQW region.*

InGaN epilayers grown on GaN have been studied
for clearer InGaN-related defect identification,
though the InGaN epilayers were most likely
partially strain-relaxed.>® Cathodoluminescence
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(CL) investigation of In,Ga;_,N films of 100 nm
thickness and 0.08 < x < 0.17 revealed defect bands
approximately 0.3 eV below the main emission
peak® that were attributed to surface features
associated with threading dislocations, though nei-
ther the defect level energy nor density could be
obtained. DLTS study of a 200-nm-thick Ing 14Gag ggN
epilayer grown on GaN with a sapphire template
revealed a deep level at E, — 0.40 eV® but could not
probe defect levels lying near mid-bandgap or the
minority-carrier band edge. While the study of
InGaN epilayers unambiguously identifies InGaN-
related defects, the thickness of the InGaN films of
Refs. 5 and 6 are more than an order of magnitude
or greater than that of typical InGaN well regions in
QWs and may be subject to strain relaxation. It is
not clear, then, if the growth conditions or film
quality of the thicker InGaN epilayers are compa-
rable to those of nanoscopic InGaN wells.

In light of previous work, quantitative defect
spectroscopy with sufficient depth resolution to
discriminate among defects residing in the InGaN
well and GaN barrier of a QW structure has yet to
be demonstrated. To this end, we have implemented
deep-level optical spectroscopy (DLOS),” a differen-
tial photocapacitance technique, to study deep-level
defects in coherently strained InGaN heterostruc-
tures. The InGaN cap layer of the heterostructure
was grown under nominally the same conditions as
InGaN well layers of InGaN/GaN MQWs to assess
the nature and potential role of InGaN-related
defects in QW radiative efficiency. Depth-resolved
DLOS of InGaN heterostructures was achieved by
exploiting the polarization-induced electric fields to
selectively distribute DLOS sensitivity among the
InGaN cap that mimics the well of a MQW structure
or the underlying layers. The defect density was
measured using the lighted capacitance—voltage
(LCV) method.®

This work is organized as follows. The “Device
Simulation” section presents one-dimensional
Schrodinger—Poisson (1D-SP) simulations that
indicate the heterostructure required to achieve
depth sensitivity of DLOS. The “Experimental
Procedures” section details the growth and device
processing of the DLOS samples and the experi-
mental conditions of the measurements. Electrical
characterization of DLOS samples is discussed in
the “Diode Characterization” section. The “Optical
Spectroscopy of Defects” and “Determination of
Deep-Level Density” sections present the experi-
mental DLOS and LCV results, respectively. The
physical origins and potential roles of the observed
defects are discussed in the “Discussion” section.
The “Conclusions” section offers a summary and
conclusions.

DEVICE SIMULATION

Using a 1D-SP simulator® to calculate band dia-
grams, a suitable combination of indium content,
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layer thickness, and doping profile was determined
to achieve depth sensitivity of DLOS. The simulated
structure was grown along the (0001) axis and
consisted of a 12-nm-thick unintentionally doped
(UID) Ing 17GaggsN capping layer upon a 200-nm-
thick UID Ing¢2GaggsN underlayer (UL) upon a
p-type GaN:Mg template. Values for the spontane-
ous and piezoelectric polarization charges were ta-
ken from Ref. 10 using linear interpolation between
InN and GaN. Figure 1 shows the band diagram
along with the calculated free hole concentration
(p) proﬁle for the Ino‘17Gao_83N/In0,02Ga0,98N/GaN:
Mg heterostructure at 0 V and —2 V bias. A Scho-
ttky barrier (®) of 0.5 eV relative to the valence-
band maximum (E,) was assumed, because the
exact value of ® could not be determined experi-
mentally from electrical measurements due to diode
nonidealities. Different values of ® ranging from
0.5 eV and 1.2 eV were simulated but produced no
effect to change the following interpretations
or conclusions regarding depth-sensitive DLOS.
The influence of residual acceptor and donor con-
centrations ranging between 1 x 10'* cm 2 and 1 x
10'% cm 2 in the UID InGaN regions on the calcu-
lated band diagrams was simulated. These levels of
background dopants had no discernible effect on the
band diagram or free carrier distribution due to the
dominance of the polarization charges and Mg
doping in the p-GaN region.

This heterostructure was designed to use electri-
cal bias to control which InGaN regions are accu-
mulated with free holes. Such control enables DLOS
depth resolution, because DLOS is only sensitive to
regions that are depleted of free carriers. From
Fig. 1, at 0V, this includes only the Ing17;GaggsN
cap. Despite the lack of Mg doping in the Inggo.
GaggsN UL, the bands are nearly flat, and there is
strong hole accumulation due to the two-dimen-
sional hole gases (2DHGs) formed on either side at
the Ino_17Gao.83N/In0.02Gao.98N and II’l0.0zGao_ggN/p-
GaN:Mg heterointerfaces. The 2DHG charge can be
balanced by ionized acceptors at the surface and/or
ionized Mg acceptors in the GaN. No free electron
accumulation is required to maintain charge bal-
ance. The abundance of free holes available for
thermal capture at the Ing17Gagg3N/Ing goGag 9sN
and Ing 0oGag 9sN/GaN:Mg heterointerfaces and in
the Ingg2GagesN UL and p-GaN:Mg layers quen-
ches DLOS response in these regions at 0 V. Thus,
the DLOS spectrum at 0 V should be dominated by
defects located in the 12-nm Ing 17;Gag g3N cap, even
though the Ing ¢2Gagg9sN and p-GaN:Mg layers are
much thicker. The physical mechanism for photoc-
apacitance during DLOS at 0 V is an increase of the
space charge of the Ing 17Gag 3N cap due to defect
photoemission, which is reflected as an increase in
the 2DHG capacitance.

Defect levels in the Ing goGagg9sIN UL can also be
investigated by performing DLOS under reverse
bias. As shown in Fig. 1, a sufficiently large reverse
bias (—2 V in this case) dissipates the 2DHG nearest
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Fig. 1. Calculated band diagrams and free hole concentrations of an
Ing.17Gag.g3GaN/Ing 0oGag 9gN/p-GaN:Mg heterostructure as a func-
tion of applied bias.

to the surface and depletes both the 12-nm Ing {7.
GaggsN cap and the 200-nm InggoGaggsN UL of
holes.* The depletion capacitance of the thicker
Ing 92Gag osN UL now dominates the diode capaci-
tance, so defect photoemission in the Ingg2Gag gsN
UL dominates the DLOS spectrum. DLOS selectiv-
ity to defects located in the Ing g2Gag 9sN UL can be
further enhanced under reverse bias if the thickness
of the Ing17;GaggsN cap layer is also reduced.
However, the Ing 17GaggsN cap layer should not be
completely removed, or else the depletion region
would extend beyond the InggsGaggsN UL and
into the p-GaN:Mg region and complicate DLOS
analysis.

The physical location of the observed deep-level
defects can then be determined by comparing the

*A bias of —2 V was the largest reverse bias that could be accu-
rately simulated, because the 1D-SP solver is subject to artificial
accumulation of carriers at the surface at large reverse bias.
Further increase of the reverse bias would only induce greater
voltage drop and band bending in the Ing ¢2Gag 9gN region (and
negligible depletion into the heavily doped p-GaN region), pro-
ducing no change in the analysis.

DLOS spectra taken at 0V to emphasize the
12-nm Ing17GaggsN layer and at reverse bias to
emphasize the 200-nm InggoGagegsN UL. The
p-GaN:Mg layer remains in the flat-band condition
irrespective of the applied bias, and defects asso-
ciated with this layer are not expected to contrib-
ute to the DLOS response. The importance of the
Mg doping in the GaN template becomes apparent
by considering that a UID GaN template would be
depleted at both equilibrium and large reverse
bias. Deep levels in the UID GaN region would
then contribute to the DLOS spectra at both bia-
ses. This would compromise the selectivity to the
Ing 17GaggsN layer at 0V and complicate the
delineation of deep levels among the heterostruc-
ture regions.

EXPERIMENTAL PROCEDURES

InGaN heterostructures were grown on p-type
GaN templates using metalorganic chemical vapor
deposition (MOCVD) in a Veeco D125 short-jar
reactor. The p-GaN templates were grown at
200 Torr and 1050°C using trimethylgallium and
NH; in Hy, and Ny on (0001)-oriented sapphire.
Following the GaN film coalescence, the GaN was
Mg-doped using bis-methylcyclopentadienyl-mag-
nesium at a growth temperature of 970°C. After a
5-min anneal in Ny at 850°C, p-GaN:Mg templates
had a hole concentration of p ~ 2.5 x 10" em™? as
determined by Hall-effect measurements. To avoid
Mg memory effects in the InGaN films, the
p-GaN:Mg films were grown separately and
removed from the MOCVD system, after which the
MOCVD system was baked to 1050°C in Hs,
followed by reloading the p-GaN template wafers
for InGaN growth. To reduce Mg contamination
between the p-GaN:Mg and the Ing ¢2GaNg 9N film,
the p-GaN:Mg wafers were heated in NH3 and car-
rier gases up to 950°C prior to InGaN growth.

InGaN growth proceeded at 300 Torr by adding
trimethylindium (TMIn) to the GaN growth and
removing the Hy carrier gas. The Ing¢2GaNggsN
UL was grown at 880°C, while the Ing;7;GaggsN
cap was grown at ~760°C. Inclusion of an Inggs.
GaggsN UL is representative of InGaN ULs em-
ployed in InGaN/GaN MQWs for improved IQE.!
Two InGaN heterostructures were grown on p-
GaN:Mg templates under conditions nominally
identical to MQWs. The first DLOS heterostructure
(sample A) consisted of a 12.5-nm-thick Ing 7.
GaggsN cap layer, which represents the optically
active well layer of a MQW structure, grown on top
of a ~200-nm-thick UID InolozGao_ggN UL. A sec-
ond InGaN heterostructure (sample B) was grown
under nominally identical conditions to sample A,
except that the cap layer was only ~4 nm thick.
The indium concentration and thickness of the
InGaN layers were obtained for both heterostruc-
tures using dynamical diffraction analysis of (0002)
x-ray diffraction rocking curves. X-ray analysis
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confirmed the targeted indium content and thick-
ness of the InGaN layers, assuming coherent strain.

Schottky diode test devices were fabricated to
facilitate DLOS measurements. Semitransparent
nickel contacts of 9 nm thickness were used for the
Schottky metal. Ohmic contacts were formed by
scoring alleys into the bare InGaN surface using a
diamond scribe and pressing indium into the alleys.
The indium likely forms a lateral contact with
access to the p-type GaN:Mg layer and the 2DHG
that is expected to form at the Ing 17Gag gsN/Ing go-
Gag 9sN heterointerface.

DLOS, current—voltage (I-V), capacitance—volt-
age (C-V), and LCV measurements were conducted
at room temperature. A lock-in amplifier was used
to measure the capacitance. For DLOS, an alter-
nating-current (AC) frequency of 5 kHz was used,
and a 10 kHz AC frequency was used for C-V and
LCV. A direct-current (DC) reverse bias was added
to the lock-in sinusoid using a summing amplifier.

Only a brief overview of DLOS is provided here;
details can be found elsewhere.”'? DLOS analyzes
the photocapacitance transient arising due to deep-
level photoemission in the depleted regions of the
diode. For DLOS measurements, broadband illu-
mination from a 150-W Xe arc lamp was dispersed
through a monochromator wusing appropriate
mode-sorting filters to provide a photon energy (hv)
range of 1.20 eV to 3.60 eV in 20 meV to 50 meV
increments. The photon flux varied between 8 x
10 cm?s™! and 20 x 10" em 25! over the
scanned range. The spectral variation of the
majority-carrier optical emission rate e°(hv) of a
deep level is obtained via DLOS from the time
derivative of the photoca;)acitance at £t =0s, ie.,
when illumination begins.’ Correcting e®(hv) for the
incident photon flux determines the spectral
dependence of the deep-level optical cross-section
(0,). Fitting o,(hv) to an appropriate model'® that
accounts for lattice coupling of the deep-level defect
yields values for the optical ionization energy (E,)
and Franck—Condon shift (dyc). Values of the fitted
parameters were robust to changes in the fitted
data range (yielding less than 50 meV variation), as
long as the threshold and saturation regions were
included. DLOS measurements were conducted at
an applied bias V. by recording the photocapaci-
tance transient for each photon energy using a 2 ms
sampling time. For reverse-bias measurements, an
electrical fill pulse of —0.5 V was used to refill defect
states throughout most of the Ingg2GaggesN UL
while leaving the Ing17GaggsN cap still depleted.
The net areal deep-level density (D;) was found from
LCV.? Additional DLOS and LCV details are given
in the “Experimental Results” section.

EXPERIMENTAL RESULTS
Diode Characterization

Dark I-V and C-V measurements were performed
to verify the diodes’ electrical behavior anticipated
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Fig. 3. Dark and lighted C-V scans of the Schottky diodes.

from the 1D-SP simulations. Room-temperature
I-V data are shown in Fig. 2 for sample A, and
similar behavior was observed for sample B. The
barrier height of the nickel Schottky contact could
not be determined from -V analysis owing to the
excessively high series resistance. However, deter-
mining the Schottky barrier height is inconsequen-
tial to interpreting the DLOS measurement. Only
the extent of the depletion region as a function of
bias has bearing, which was determined experi-
mentally by C-V.

Despite large series resistance and diode leakage,
meaningful C—V measurements were obtained for
both DLOS samples and are displayed in Fig. 3. A
phase angle <—87° between the capacitive and
resistive components of the AC impedance was
observed at each bias level, confirming an accurate
capacitance measurement.'* Importantly, the pla-
teau of the dark C-V profile near 0 V for sample A
suggests the existence of the anticipated 2DHG
between the Ing:7;GaggsN cap layer and the
Ing 02Gag9sN UL (Fig. 1). Formation of this 2DHG
is critical because it enables DLOS depth depen-
dence by screening the Ing goGag 9gsN UL at 0 V. The
apparent charge profile (ACP) extracted from dark
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C-V profiling is presented in Fig. 4. The peak in the
ACP observed at ~13 nm below the surface corre-
sponds to the 2DHGs at the Ing17GaggsN/
Ing 92Gag 9sN heterointerface. Integrating the ACP
near the Ing17GaggsN/Ing goGaggsN 2DHG deter-
mined a hole sheet density ps of 1.6 x 102 cm 2.
Conversely, C—V measurement of sample B with the
thinner InGaN cap had no plateau near 0V,
implying no 2DHG formation at the near-surface
heterointerface. This was expected, since, similar to
AlGaN/GaN heterostructures,’® the InGaN cap
thickness must exceed a critical value for a two-
dimensional carrier gas to form.

Figure 3 also displays LCV curves for sample A.
The LCV curves were measured as a typical
C-V scan, but under constant illumination
with monochromatic light. Though Av exceeds the
Ing 17Gag gsN bandgap for the LCV curves recorded
under 3.28 eV and 3.34 eV illumination, the phase
angle of the impedance remained near -90°
throughout the scans, confirming that free carriers
generated in the Ing;7;GaggsN cap layer did not
undermine the accuracy of the measurement. Pho-
toemission from defect states increases pg and
therefore the voltage required to pinch off the
2DHG. This effect shifts the LCV curve to more
negative voltage, similar to the change in the
threshold voltage for modulation-doped field-effect
transistors due to the discharging of deep levels.'®
The increasing shift in the LCV curves with
increasing hAv demonstrates that the deep levels are
distributed in energy in the InGaN bandgap. To
quantify the properties of these defects and deter-
mine their location in the heterostructure, depth-
resolved DLOS was performed.

Optical Spectroscopy of Defects

Figure 5 shows DLOS spectra for sample A at
V.,=0V and for sample B at V.= -2V, offset
for clarity. From C-V analysis, the depletion depth
at V., =0V for sample A (14 nm) was near the
Ing 17Gag g3N/Ing 92Gag 9sN heterointerface, indicating

LI N L L L B L L B L LB B B LB |

—O0— 0V (Sample A)
0 - —o— -2V (Sample B)

S E,+1.85eV
= 2 E, +2.59 eV
L
(@) B 4
o
4 -
1 ( 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 ] 1 1 1 1
1.0 15 2.0 2.5 3.0 35

Photon energy (eV)

Fig. 5. DLOS scan at V, =0V (sample A) and V, = -2V (sam-
ple B). The symbols are data and the lines are theoretical fits to the
model in Ref. 1. The dotted lines denote the 3.36 eV Ing 02Gag.esN
and 3.40 eV p-GaN band edges.
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Fig. 6. DLOS scan at reverse bias for samples A and B.

primary DLOS sensitivity to deep-level defects
located in the Ing17GaggsN cap. For V.= -2V,
C-V analysis determined that sample B was
depleted well into the Ing psGaggsN UL (~160 nm
below the surface), suggesting that DLOS for
this measurement condition was mainly sensitive
to deep-level defects in the Ingg2GaggosN UL.
Sample B was used for reverse-bias DLOS because
its thinner Ing7GagssN cap improved sensitivity
to the Ingg2GaggsN UL region. Figure 6 presents
reverse-bias DLOS measurements for both samples,
verifying similar defect spectra and enhanced reso-
lution for sample B.

Selective sensitivity to defects in either the
In0.17Ga0,83N cap at0 Vor In0.0QGaO.QSN ULat -2V
was confirmed by the dramatically different bias-
dependent DLOS spectra for hv < 2.9 €V in Fig. 5
(the DLOS spectra for hv > 2.9 eV is explained later
in this section). Such starkly different deep-level
defect spectra were anticipated for the Ing 17Gag gsN
cap and Ing g2GaggsN UL regions due to the large
difference in indium content as well as their differ-
ent growth temperatures and growth rates. This
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provides strong evidence that the electronic defect
states observed for the different bias conditions are
distinct and are located in separate regions of the
heterostructure. If the DLOS measurements lacked
depth resolution, identical, intermixed DLOS spec-
tra would have been observed independent of bias.
Figure 7 shows a band diagram of the DLOS het-
erostructures summarizing the spatial distribution
of the observed defects and the energetic position of
their bandgap states. Determination of the defect
energy levels via DLOS is now discussed.

The 0 V DLOS spectrum for sample A is consid-
ered first. Saturation was observed near 2.9 eV and
was attributed to band-edge absorption of the
Ing 17Gag %3N cap, in agreement with previous
results.”!” Below the 2.9 eV Ing 17Gap gsN band-
edge energy, DLOS onsets near 1.2 eV and 2.6 eV
for the 0 V measurement were ascribed to absorp-
tion by deep-level defects in the Ing 17GaggsN. The
25eV< hv< 29 eV spectral features in Fig. 5
cannot be attributed to band tailing due to Ing 17.
Gag.gsN Urbach tails because band-to-band absorp-
tion would give rise to a photocurrent rather than a
photocapacitance.

The 1.2 eV and 2.6 eV DLOS onsets were fitted to
a theoretical model'? to extract E, values of 1.60 eV
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and 2.59 eV, respectively. The deep-level properties
are summarized in Table I. The DLOS thresholds
for the 1.60 eV and 2.59 eV levels were red-shifted
compared with E, due to phonon-assisted photo-
emission, consistent with a sizable dpc.” All DLOS
measurements produced positive photocapacitance,
indicating majority-carrier (hole) photoemission, so
all E, values are referenced to E,. It is noted that,
though deep-level photoemission occurs in the
Ing 17GaggsN cap in the presence of a strong elec-
trical field, the optical transitions involving a
localized carrier are far less affected by the Franz—
Keldysh effect than are band-to-band transitions.'®
Thus, DLOS accurately determines E, despite the
strong electric field at 0 V.

The V., = -2V DLOS spectrum for sample B is
now considered, where the observed deep-level
defects are associated with the Ing¢2GaggsN UL.
Focusing first on the Av > 3.30 eV range, satura-
tions in the spectra at 3.36 eV and 3.40 eV mark the
Ing 02GagosN and p-GaN:Mg band edge, respec-
tively. The 3.36 eV and 3.40 eV band edges were
also weakly evident for DLOS of sample A mea-
sured at 0 V. The two DLOS onsets near 1.70 eV
and 2.50 eV for the —2 V DLOS spectrum were fit-
ted to the same theoretical model®® as before to
extract E, = 1.85 eV and 2.51 eV, respectively. The
E,+185eV and E, + 2.51 eV levels exhibited
thresholds that were red-shifted relative to their
respective E,, indicating significant dpc values.
Conversely, the sharp onset at 3.30 eV indicates a
deep level with E, = 3.30 eV and negligible dpc.'®

Determination of Deep-Level Density

The areal deep-level density was determined
using LCV.® In the case of a slowly varying back-
ground charge density, the deep-level concentration
profile can be obtained by LCV from the change in
the ACP when the defect is photoionized.® In the
present case, the multiple 2DHGs produce a rapidly
varying ACP, so only D; could be determined.
Assuming that the defects are uniformly distributed
and treating the regions between the nickel metal
and 2DHGs as parallel-plate capacitors, the areal
defect density is calculated as

\'4
D~ (2/gA) | cav. (1)
0

Table I. Summary of defect location within the heterostructure, defect parameters, and employed LCV
photon energies, where “Dark” means that the dark C-V value for space charge was used

Location E, (eV) dyc (eV) LCV hv (eV) D, (em™2)
Ing 17Gag gsN E, + 1.60 0.63 Dark-2.20 >6.4 x 101°
Ing 17Gag ssN E, +2.59 0.09 2.50-2.80 >3.0 x 102
InolozGaohggN Ev + 185 028 Dark—2.50 S15 X 1010
Ing 92Gag osN E, + 251 0.08 2.50-3.26 <1.4 x 10!
Ing.02Gag 9sN E, +3.30 - 3.26-3.34 <14 x 102
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where g is the Coulomb charge and A is the diode
area. The D; values are regarded as lower limits
because, for photon energies greater than half the
bandgap, simultaneous electron and hole optical
emission can occur and leave the defect partially
occupied despite the optical pumping.®

Individual D; values were measured using LCV
by successive optical stimulation of each defect level
in turn. For example, D; for the E, + 3.30 eV level
was measured from the increase in space-charge
density, as measured by LCV scans using 3.24 eV
and 3.34 eV illumination. Under 3.24 eV illumina-
tion, all levels except E, + 3.30 eV are mostly
depopulated, so the relative increase in space
charge under 3.34 eV illumination is mainly due to
photoexcitation of the E, + 3.30 eV level. The mea-
sured D; values for all deep levels are given in
Table I, along with the corresponding LCV photon
energies.

The density of deep-level defects with closely
spaced E, < 2.9 eV could not be completely delin-
eated among those in the Ing 17Gag g3N cap and the
Ing 02Gag 9sN UL, because LCV does not have depth
selectivity as applied in this study. Upper bounds of
D, for the E, + 1.85 eV and E, + 2.51 eV Inggo.
GagggN-related defect levels were measured using
LCV scans for sample B, where contributions to D;
from Ing17,GaggsN-related defects were minimized
because of the reduced Ing 17Gag gsN cap thickness.
Lower bounds of D; for the E, + 1.60 eV and
E, + 259 eV Ingq17;GaggsN-related defect levels
were determined by performing LCV scans for
sample A over the appropriate photon energy range
and subtracting D; measured from LCV scans of
sample B taken over the same photon energy range.
In this way, the contributions to D; from defects in
the InggoGaggsN UL were eliminated from the
measurement.

DISCUSSION

Determining the physical location, energy level in
the bandgap, and density of the deep levels in the
heterostructure helps to understand the potential
role of defect states in LED devices. For instance,
the growth conditions and presumably the defect
incorporation of the Ing 17Gag g3N cap are nominally
identical to those of an InGaN well of an LED.
Considering the Ing17;GaggsN-related defects, the
large density of the E, + 2.59 deep state compared
with the E, + 1.60 eV level might suggest that the
former would have a greater adverse effect on the
radiative efficiency in a MQW. However, the E, +
1.60 eV level is expected to be a more efficient NRC
because of its energetic position near the middle of
the Ing 17GagssN bandgap. The E, + 2.59 eV deep
level is likely to interact solely with the conduction
band as an electron trap rather than behave as an
NRC. Nevertheless, an electron trap can reduce
LED efficiency by reducing the free carrier den-
sity available to produce the desired emission

wavelength. It is noted that additional defects in
InGaN well layers beyond those that are reported
here can incorporate during subsequent high-tem-
perature growth of GaN regions to form a MQW
structure or a p-i-n LED structure.?’

The E, + 1.85 eV, E, + 2.51 eV, and E, + 3.30 eV
defects located in the InGaN UL would be spatially
removed from the MQWs region in an LED. None-
theless, these deep levels can act as trapping and
compensation centers that inhibit carrier transport
to the QWs. Such parasitic effects would increase
the electrical resistance and decrease the overall
efficiency of an LED.

Assessing the similarities among the present
DLOS results and prior defect spectroscopy inves-
tigations of InGaN films and InGaN/GaN LEDs
offers insight into the possible physical origins of
the observed defects. The thermal ionization energy
(Eth) of the In0,17Gao.83N-related EV + 2.59 eV
(drc = 0.09) deep level relative to the conduction-
band minimum (K.) is approximately E, — E, +
drpc = E., — 0.36 ¢V. This Ey energy is in close
agreement with a deep level at E, — 0.4 eV detected
via DLTS in an Ing14GaggsN epilayer that was
ascribed to a point defect.° On the other hand,
Ey =0.36 €V is also consistent with a CL defect
band centered at 2.45 eV in an Ing17,Gag gsN epi-
layer that was associated with surface pits centered
at threading dislocations.® Thus, ascription of
the E, + 2.59 eV level to either a point or extended
defect could be made in light of previous work on
InGaN defects. The E, + 1.60 eV bandgap state
does not appear similar to any previously reported
InGaN deep level, which is not surprising consid-
ering that it is too deep to be observed using
DLTS, and it is likely an NRC unobservable by
luminescence.

Comparison of the defect levels observed in the
UID Ingg2GaggsN UL with those expected for
p-GaN is warranted, because this layer has a rela-
tively low indium content and the Fermi level lies
near E,. The thermal ionization energy for the
E, + 1.85 eV (dpc = 0.28) deep state lies near the
thermodynamic transition energies calculated for
the nitrogen interstitial and nitrogen antisite
defects in GaN, while the Ey, for the E, + 2.51 eV
level (drc = 0.09 eV) lies near energy levels calcu-
lated for the gallium interstitial and gallium anti-
site defects in GaN.%! However, the large calculated
formation energies of these native defects in GaN?!
suggest that extrinsic defects are a more likely
source for the E, + 1.85 and E,, + 2.51 Ing ¢2Gag osN
defect levels. The energy of the E, + 1.85 eV defect
level is similar to the “OLP1” deep level reported in
MOCVD-grown GaN:Mg,?*?? suggesting a common
physical source such as a threading dislocation,
carbon or oxygen impurities, or even Mg diffused
into the UID Ing 92Gag g9gN from the adjacent p-GaN
region. Based on the 3.36 eV bandgap of the Ing go.
GagosN UL, the E, + 3.30 eV (E, — 0.06 eV) level is
likely due to the nitrogen vacancy, which has been



376

assigned to a shallow donor level 0.07 eV from E..%*
The nitrogen vacancy defect could also incorporate
as a shallow donor level in the Ing17,GaggsN cap
layer, but such a level would be difficult to observe
due to the prominence of the E, + 2.59 eV level.

CONCLUSIONS

Deep-level defects were studied in Ing 17Gag gsN/
Ing 0oGag osN/p-GaN heterostructures where the
In,Ga;_,N layers were grown under nominally the
same conditions as used for a MQW structure.
Using depth-resolved DLOS combined with LCV,
the optical ionization energy, deep-level density,
and location in the heterostructure were deter-
mined for the observed defect states. These defects
are expected to reflect those incorporated in InGalN/
GaN QWs, so this work provides important insight
into the potential influence of defects on QW radi-
ative efficiency. Deep levels at E, + 1.60 eV and
E, + 2.59 eV were observed for the Ing;7GaggsN
region that emulates the well region of an InGaN/
GaN QW. The E, + 1.60 eV level is suspected to be
an efficient NRC based on its energetic position near
the middle of the Ing17GaggsN bandgap. Direct
observation of a mid-bandgap Ing17,GaggsN deep
level using DLOS is significant, because this level is
unlikely to be observed via more common methods
such as luminescence or DLTS. The IngoGaggsIN
UL presented defect levels at E, + 1.85 eV, E, +
2.51 eV, and E, + 3.30 eV, where the latter is sug-
gested to be the nitrogen vacancy.
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