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ABSTRACT

Deep level defects in MOCVD-grown, unintentionally doped p-type InGaAsN films
lattice matched to GaAs were investigated using deep level transient spectroscopy (DLTS)
measurements. As-grown p-InGaAsN showed broad DLTS spectra suggesting that there exists a
broad distribution of defect states within the band-gap. Moreover, the trap densities exceeded
10’5cm-3. Cross sectional transmission electron microscopy (TEM) measurements showed no
evidence for threading dislocations within the TEM resolution limit of 107cm-z. A set of
samples was annealed after growth for 1800 seconds at 650 ‘C to investigate the thermal stability
of the traps. The DLTS spectra of the annealed samples simplified considerably, revealing three
distinct hole trap levels with energy levels of 0.10 eV, 0.23 eV, and 0.48 eV above the valence
band edge with trap concentrationsof 3.5x10’4 cm-3,3.8x10’4 cm-3,and 8.2x10’4 cm-3,

respectively. Comparisonof as-grownand annealedDLTSspectra showed thatpost-growth
annealing effectively reduced the total trap concentration by an order of magnitude across the
bandgap. However, the concentration of a trap with an energy level of 0.48 eV was not affected
by annealing indicating a higher thermal stability for this trap as compared with the overall
distribution of shallow and deep traps.

INTRODUCTION

Recently, the quatemary alloy semiconductor InGaAsN has drawn significant attention
because of its potential applicability to infrared laser diodes and its possible use as a narrow
band-gap layer in tandem solar cells. Long wavelength laser diodes are used as light sources for
optical fiber communications because of their emission at the low-loss optical fiber windows of
1.3 and 1.55 ~m [1]. Conventionally, GaInPAs/InP based laser diodes have been used for such
applications. GaJ.nPAs/InP laser diodes, however, show poor temperature characteristics due to
the small conduction band offset of this material system [2]. Kondow et al. have instead
proposed using the quatemary alloy InGaAsN grown on GaAs substrates for long-wavelength
laser diodes [3]. They have demonstrated that InGaAsN/GaAs laser diodes display superior high
temperature characteristics due to the type-I hetero-interfaces formed between InGaAsN and
GaAs. Several research groups have concentratedon improving growth techniquesto achieve-
better quality InGaAsN materials [3,4,5,6,7,8,9,10,1 1]. Recently, a 1.0 eV band-gap solar cell g

made of InGaAsN with an internal quantum efficiency greater than 70% has been reported [11]. .?
However,because of the difficulty in growingN-containingquatemary materials, these materials w
may contain defects that impact their electrical quality. In this study, we report on deep level $(D
defects revealed by deep level transient spectroscopy (DLTS) in unintentionally doped p-type P

InGaAsN films grown on GaAs substrates. In addition, we investigate the thermal stability of o
l-h

deep traps by examining DLTS spectra before and after an anneal. m
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EXJ?EIUMENT

The samples used in this study were
grown by MOCVD. Details regarding the
growth can be found elsewhere [11]. The
device structure used for DLTS
measurements is shown in Figure 1. The
iridium content was 7.0 ?10 and the nitrogen
content was 2.2 Yofor the InXGal.XAsl-YNY
layers. Au-Be alloy ohmic contacts were
evaporated on the p-GaAs substrate and Au-
Ge-Ni alloy ohmic contacts were evaporated
on the top rz-GaAslayer. After the

Figure 1- The device st~cture that was used evaporation the diodes were mesa-etched
for DLTS measurements. Hall measurements around the contacts. The diode area defined

showed that the unintentionally doped by the mesa was 1.11 inn?. Good rectifying

InGaAsNlayer is p-type [11].- - current-voltage(I-V) characteristicswere
observedfor the diodes. Annealedsamples

were prepared by annealing the devices at 650 ‘C for 1800 seconds under the presence of
nitrogen gas. The details concerning annealing also can be found elsewhere [11].

DLTS was used to detect deep level defects. The trap concentrations were calculated
from the well-known formula:

2NAAC rr’(r-’)
NT= —

Co l-r ‘
(1)

where NAis the doping density, AC is the capacitance change between DLTS sampling times, Co
is the steady state capacitance value under the applied reverse bias, and r=tz/tl, where t1and tz are
the initial and final DLTS sampling times, respectively. The p-type background doping
concentration was measured from capacitance-voltage (C-V) profiling and had a value of
3.5x 10’6cm-3for the unintentionally doped layer of the as-grown samples and 1.lx 1017cm-3for
the annealed samples. Hall measurements were carried out to verify the doping type of the
InGaAsN layer and showed that the material is p-type [11]. The increase of doping
concentration in p-InGaAsN after annealing has been observed, the source of which is under
investigation [12]. Steady state capacitance measurements as a function of temperature were

performed to obtain CO(T).The steady state C-T measurementswere done under the same
reverse bias condition(-0.8 V) as were the DLTSmeasurements.

RESULTS

Figure 2 shows DLTS spectra of the as-grown p-InGaAsN for the different rate windows
used. There are two interesting features to be pointed out in these spectra. The first is that the
peaks are very broad and the second is that the trap density depends on the rate window. The
above results strongly suggest that the energy distributions of the defect levels are not well
defined at a single energy but are instead band-like. Band-like defect states typically appear in
material with extended defects such as threading dislocations [13]. Figure 3 shows a typical
cross sectional TEM of p-InGaAsN. The TEM image shows no sign of dislocations within the
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Figure 2. DLTS spectra of as-grown p-InGaAsN. The quiescent bias and fill pulse
voltages were -0.8 V and-O. 15 V, respectively. The fill pulse width was 1 msec.
Numbers shown in the figure indicate rate windows in the unit of see-].

TEM resolution limit of 107cm-z demonstrating the good structural quality and lattice-matching
of these thick layers. Hence, a more likely source is a high density of distributed point defects
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Figure 3. Cross sectional TEM of an =
grown p-InGaA@J showing no sign of
dislocations within the resolution limit of- .---- —------ . .

107cm-z.

and/or point defect clusters. More intensive
study of the physical nature of the defect
sources, including the dependence of trap
density on fill pulse width, is currently
underway.

Figure 4 shows DLTS Spectra of the

annealed sample for the different rate
windows used. Unlike the spectra for the as-
grown sample, the peaks are narrow enough
to be easily resolved. Figure 5 shows
Arrhenius plots from which the activation
energies of the traps were calculated. To find
the peak positions and the densities of each
trap, we fit the NT vs. T curves using
Gaussian functions. Three majority carrier
(hole) traps were found with energy levels of
0.10 eV, 0.23 eV, and 0.48 eV above the
valence band edge. The concentrations of
these tra s were found to be 3.5x 10’4 cm-3,

,4P -33.8x1O cm , and 8.2x10’q cm-3,
respectively. Comparison of the DLTS
spectra of the as-grown and the annealed
samples for a fixed rate window shows that



the broad deep level distribution throughout the bandgap is reduced due to the post-growth
annealing. In particular, the densities of the shallower traps (those with energy levels of 0.10 eV
and 0.23 eV) are significantly reduced, and their thermal annealing behavior suggests that thay
are likely to be related to point defects within the InGaAsN. Correlating with this reduction in
the trap density, InGaAsN was observed to have improved bulk properties, with large increases

in photoluminesence and quantum efficiency following the anneal [11]. This indicates that the
as-grown deep levels severely degrade carrier diffusion lengths in p-InGaAsN. However, close
inspection of Figures 2 and 4 reveal that the concentration of the hole trap of Ev + 0.48 eV is not
affected by the anneal, indicating a greater thermal stability for this defect as compared to the
several distribution of shallow and deep traps. Moreover, this trap has been detected in p-
InGa.AsN grown under a wide range of MOCVD growth conditions, implying its source maybe
of a different nature than the thermally unstable deep levels. Since this trap is the dominant level
after annealing, and since it is near rnidgap, it is likely to be important in limiting minority
carriers lifetimes of the annealed p-InGaAsN, and perhaps subsequent device performance.

CONCLUSIONS

DLTS measurements were performed on unintentionally doped p-type InGaAsN films
grown on GaAs. Broad DLTS spectra measured in as-grown p-InGaAsN suggest that there
exists a distribution of deep defect states throughout the band-gap of the as-grown p-InGaAsN
material. Moreover, the densities of the traps in the as-grown samples exceed 1015cm-3. Cross
sectional TEM measurements indicate that, within the TEM resolution limit of 107cm-2,the traps
are not likely to be due to threading dislocations. DLTS revealed three distinct hole traps in
annealed samples. The energy levels of these traps are 0.10 eV, 0.23 eV, and 0.48 eV above the
valence band edge and the concentrations are 3.5x 1014cm-3,3.8x 1014cm-3,and 8.2x 10’4cm-3,
respectively. The concentrations of the two distinct shallower traps at 0.10 eV and 0.23 eV and
the overall trap distribution were reduced considerably following the anneal, indicating that these
traps are not thermally stable. In contrast, the concentration of a deep trap at 0.48 eV is
unaffected by the anneal. The overall reduction in trap density is correlated with improved
photoluminescence and quantum efficiency. However, since the 0.48 eV hole trap is both a
midgap level and the dominant remaining trap after annealing, it is likely to be an important
defect for limiting minority canier properties in this material.
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Figure 4. DLTS spectra of annealed p-InGaAsN. The quiescent bias and fill pulse voltages were
-0.8 V and 0.0 V, respectively. The fill pulse width was 1 msec. Unlike the DLTS spectra for
as-grown p-InGaAsN samples, peaks are narrow and resolvable.
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Figure 5. Ln(zTz) versus 1000/T plots for annealed p-InGaAsN. The energy values in the
parentheses are measured from the valence band edge since these are hole traps.
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