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Defect reduction in GaN epilayers grown by metal-organic chemical vapor
deposition with in situ SiN, nanonetwork

Jingiao Xie, Serguei A. Chevtchenko, Umit Ozgur, and Hadis Morkoc?®
Department of Electrical and Computer Engineering, Virginia Commonwealth University, Richmond,
Virginia 23284, and Department of Physics, Virginia Commonwealth University, Richmond, Virginia 23284

(Received 25 April 2007; accepted 5 June 2007; published online 28 June 2007)

Line and point defect reductions in thin GaN epilayers with single and double in situ SiN,
nanonetworks on sapphire substrates grown by metal-organic chemical vapor deposition were
studied by deep-level transient spectroscopy (DLTS), augmented by x-ray diffraction (XRD), and
low temperature photoluminescence (PL). All samples measured by DLTS in the temperature range
from 80 to 400 K exhibited trap A (peak at ~325 K) with an activation energy of 0.55-0.58 eV,
and trap B (peak at ~155 K) with an activation energy of 0.21-0.28 eV. The concentrations of both
traps were much lower for layers with SiN, nanonetwork compared to the reference sample. The
lowest concentration was achieved for the sample with 6 min deposition SiN, nanonetwork, which
was also lower than that for a sample prepared by conventional epitaxial lateral overgrowth. In
concert with the DLTS results, PL and XRD linewidths were reduced for the samples with SiN,
network indicating improved material quality. Consistent trend among optical, structural, and DLTS
results suggests that SiN, network can effectively reduce both point and line defects.

© 2007 American Institute of Physics. [DOI: 10.1063/1.2753096]

Despite great progress, the potential of GaN-based de-
vices has not yet been fully realized due to the absence of
native substrates and resultant defects. Thin GaN layers
grown on SiC or sapphire substrates typically have disloca-
tion densities in the 10°-10'° cm™ range. Since a lower de-
fect density is required for device applications, various meth-
ods have been used to improve layer quality, such as
preparation of very thick layers by hydride vapor phase epi-
taxy (HVPE) and epitaxial lateral overgrowth (ELO) by
metal-organic chemical vapor deposition (MOCVD).? Re-
cently, new techniques employing ex situ porous TiN, (Ref.
3) or in situ SiN, (Refs. 4-6) networks as nanoscale lateral
overgrowth masks have paved the way for reduction of
threading dislocations (TDs) as determined by transmission
electron microscopy (TEM).” While TEM investigations re-
ceived extensive attention, systematic investigations of point
defects acting as deep electron traps and nonradiation recom-
bination centers have been lagging behind structural investi-
gations. In this letter, the effect of SiN, nanonetworks on the
defect reduction was studied by using deep-level transient
spectroscopy (DLTS) assisted by atomic force microscopy
(AFM), photoluminescence (PL), and x-ray diffraction
(XRD) methods.

The GaN samples were grown on sag)hire substrates in
a low pressure vertical MOCVD system.™” In this letter, two
samples with single (5 and 6 min) and one with double (5
+5 min) SiN, nanonetwork interlayers (see Fig. 1) were in-
vestigated and compared to a standard ELO sample and a
control sample without ELO. As 1rep0rted,9 the minimum
thickness for overgrown GaN to achieve a fully coalesced
surface depends on the SiN, coverage which is simply con-
trolled by its deposition time. For a 5 min SiN, (nominal
thickness: ~2 nm) deposition time, ~3 um overgrowth is
required to achieve a fully coalesced surface across the wafer
for the particular growth conditions used. 6 min SiN, depo-
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sition time required an ~6 um overgrowth because of sparse
nucleation sites.” In the case of the sample with double SiN,
nanonetwork layers, the second SiN, layer was deposited
after coalescence of the first overgrown GaN layer
(~3 um), and the total thickness of the sample was ~8 um.
An ~6-um-thick GaN sample grown directly on a low-
temperature buffer layer was used as the reference sample,
and an ~8-um-thick sample prepared by conventional ELO
(4/10 pm window/wing width) was also used for bench-
marking. All samples were characterized by XRD, AFM, and
PL in addition to DLTS. Steady state PL was excited with the
325 nm line of a He-Cd laser and measured at 15 K in a
closed-cycle optical cryostat. Undoped GaN wafers were re-
loaded into the MOCVD chamber for deposition of 500 nm
GaN:Si [n~(0.5-1) X 107 cm™] for DLTS measurements.
Then, planar Schottky diodes (200 um diameter) were fab-
ricated using standard photolithography. Ti/Al/Ti/Au
(30/100/30/30 nm) Ohmic contacts were deposited and an-
nealed at 900 °C for 60 s in nitrogen ambient, followed by
the deposition of Ni/Au (30/100 nm) Schottky contacts.
Figure 2 shows the typical AFM image for the 6 min
SiN, nanonetwork sample prior to the top GaN:Si layer
growth. Compared to samples with 5 min or double
(5+5 min) SiN, nanonetwork, the sample with 6 min SiN,

(500 nm GaN:Si| 500 nm GaN:Si
500 nm GaN:Si =dpmGaN)
~ 6 ym GaN = 5ily
~3.5 ym GaN ~ 3 um GaN
«—SiN,
~2 um GaN ~2um GaN | | ~2 um GaN
sapphire | | sapphire || sapphire
5min SiN, 6 min SiN, 5+ 5 min SiN,

FIG. 1. Investigated GaN sample structures with single or double SiN,
nanonetworks. The topmost 500 nm GaN:Si layers with n~(0.5-1)
% 10'7 cm™ were deposited for the DLTS measurements.

© 2007 American Institute of Physics
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FIG. 2. (Color online) AFM image of an undoped GaN film with 6 min
SiN, nanonetwork. Predominantly straight and parallel atomic steps are
clearly observed (rms: ~0.28 nm over a 100 um? area).

exhibited parallel and straight atomic steps over a relatively
large area, as shown in Fig. 2, which typically is indicative of
a lower dislocation density. Similarly, when the SiN, depo-
sition time was increased from 5 to 6 min, the XRD rocking
curve full width at half maximum (FWHM) values of (002),
(102), and (302) diffractions decreased from 217, 211, and
245 to 205, 192, and 221 arc sec, respectively. The XRD
FWHM values for the sample with double SiN, are similar to
the one with single 5 min SiN,. Moreover, unlike the con-
ventional ELO samples, no c-axis wing tilt is present in the
samples with SiN, nanonetwork which conveniently facili-
tates correlation of rocking curve FWHM values with dislo-
catlon dens1t1es directly. From an etch pit density (EPD)
study, the total dislocation density was estimated as
~(3-4) %107 cm™ for the sample with 6 min SiN, and
~(5-6) % 107 cm™ for the sample with 5 min single or
double SiN,, which agrees well with that obtained from the
plan-view TEM study

To investigate the effect of SiN, nanonetworks on the
reduction of electron traps, DLTS measurements were per-
formed. The current-voltage (I-V) characteristics of Schottky
diodes used for the aforementioned measurements were first
studied at room temperature. The majority of the diodes fab-
ricated using GaN with SiN, nanonetworks had leakage cur-
rents in the 10™ A range at =5 V. The leakage current was
in the 10 A range for the sample grown on a standard
template without SiN,. The Schottky barrier height calcu-
lated from /-V and C-V measurements was ~1.0 eV for the
samples with SiN, interlayers, while it was only ~0.8 eV for
the reference sample. Furthermore, smaller ideality factors
(1.03-1.08) were achieved for SiN, nanonetwork samples
compared to the reference sample (~1.2—1.3), indicative of
improved Schottky diode quality on GaN with SiN,
nanonetworks.' Schottky diodes with low leakage currents
were used for DLTS measurements. For each sample, the
bias voltage was chosen to probe the top 200—300 nm from
the surface, and the DLTS pulse’s amplitude and width were
adjusted to fill electron traps. Figure 3 compares the DLTS
spectra for the reference sample and samples with single and
double SiN, nanonetwork layers as well as the ELO tem-
plate. The dominant trap A for all the layers under study has
a peak at ~325 K in the DLTS spectra. The activation en-
ergy for this trap determined from Arrhenius plots varied
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FIG. 3. (Color online) Comparison of the DLTS spectra obtained for the
GaN:Si grown on different templates: the reference sample, the samples

with single 5 and 6 min SiN,, the sample with double SiN, (5+5 min), and

the ELO sample. The rate window for all spectra is 120 s7!.

from 0.55 to 0.58 eV for different layers with the capture
cross sections being in the low 10'5 cm? range. This trap is
similar to E, (0.58 eV),'? D, (0.60 eV)," and B (0.62 eV)
(Ref. 14) traps commonly observed in HVPE-, MOCVD-,
and molecular-beam -epitaxy-grown n-GaN layers. Hacke
et al.' suggested that this trap might be related to the sub-
stitutional nitrogen atom on the Ga site. This correlation
stems from the close agreement between the experimental
and theoretical (0.54 eV) (Ref. 15) values for the activation
energy. It was also suggested that this trap might be related
to the Ga source used for growth, as it dlsappeared when
triethylgallium (TEGa) was used instead of TMGa.'® How-
ever, these are all indirect deductions and the origin of this
trap still remains unclear. Peak B (inset of Fig. 3) located at
~155 K corresponds to a trap with an activation energy of
0.21-0.28 eV, which has also been observed previously in
GaN grown by different techniques.lz’]7 The concentration of
this trap was nearly two orders of magnitude lower than that
of the dominant trap A for all the samples investigated.

The concentrations of both traps A and B were the high-
est for the reference sample and the lowest for the sample
with 6 min S1N nanonetwork. Together with the XRD and
TEM results,” the reduction of electron trap concentration for
samples with SiN, network compared to the reference
sample is indicative of the link between extended defects and
DLTS active traps. Since SiN, nanonetwork reduced the
nucleation sites and enlarged the grain size, the dislocation
density related to the grain boundaries, and consequently
electron traps and other recombination centers affected by
dislocations, would be effectively reduced.’ Typically, there
are two mechanisms TDs can affect the electron traps. First,
TDs themselves can act as electron traps. It has been theo-
retically shown that the edge TDs in n-GaN can exist with a
variety of core structures (full core, open core, Ga vacancy,
and N vacancy) and 1nduce several states in the band gap
acting as electron traps ? The activation energies deter-
mined from Arrhenius plots for the deep levels in our
samples suggest that trap A could be caused by full-core and
N-vacancy edge dlslocatlons and trap B by Ga- and
N-vacancy edge dislocations.'® In addition, experimental re-
sults suggested that screw and mixed-type dislocations were
also responsible for trap B.? Second, due to the strong stress
field in the vicinity of dislocations, p01nt defects could be
captured by TDs to form deep levels.”! Our preliminary
studies,” which demonstrated selective filling of trap A with
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FIG. 4. (Color online) Typical near band edge PL spectra at 15 K for
samples with 5 and 6 min SiN, single interlayers and a control sample
without SiN,. The spectra were displaced vertically for clarity.

the logarithmic capture mechanism for up to ~20 ms filling
pulse widths, supported this premise. The long filling pulse
at which the saturation occurs indicates the presence of a
repulsive potential most probably due to close proximity of
defects responsible for trap A along the dislocations.® Re-
gardless of the actual mechanism, the concentration of the
electron traps affected by TDs would be reduced if the dis-
locations were significantly reduced. Therefore, supported by
the fact that the sample with 6 min SiN, has fewer TDs
[~(3-4) X 107 cm™, estimated from the EPD] than the
sample with 5 min SiN, (EPD and TEM ~6 X 107 cm™2) and
the reference sample without SiN, (EPD ~1 X 10° cm™2), the
reduction of deep levels can be explained mainly by disloca-
tion reduction. According to XRD and AFM/EPD results, the
sample with double (5+5 min) SiN, nanonetwork layers has
a dislocation density similar to that with single 5 min SiN,
nanonetwork layer (since the reduction efficiency is mainly
limited by SiN, coverage), but it has less trap A density, as
shown in Fig. 3. This suggests that the second SiN, nanon-
etwork layer can reduce point defects without further reduc-
ing the dislocations, which is consistent with the observation
of increasing carrier lifetimes with a second SiN,
nanonetwork.” The sample with 6 min SiN, nanonetwork has
the smallest trap A concentration among all the samples in-
cluding the ELO sample. The dependence of trap B on the
sample structure is similar to that of trap A. Our results there-
fore suggest that, for electron trap reduction, increasing the
SiN, coverage (e.g., from 5 to 6 min deposition) in a single
layer is a more effective approach than adding a second
nanonetwork layer with the same SiN, coverage (double
5 min SiN, nanonetworks).

To investigate the effectiveness of the SiN, nanonetwork
on the optical quality we also measured the low temperature
PL spectra of the undoped samples with SiN, nanonetwork,
all of which exhibited similar excitonic features around the
band edge. Figure 4 shows the excitonic region of the PL
spectrum measured at 15 K for the samples with 5 and 6 min
SiN, nanonetwork interlayers and a control sample without
SiN,. The spectrum for the 6 min SiN, nanonetwork sample
contains peaks at 3.485, 3.494, and 3.505 eV which corre-
spond to A-free exciton (FX,), B-free exciton (FXg), and
FX, excited state transitions, respectively,23’24 which are
sharper than those for the control layer. The linewidth of the
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DX, peaks (3.481eV) was reduced from ~4 (control
sample) to <2.5 meV with the inclusion of the 5 or 6 min
SiN, nanonetwork interlayers.

In summary, line and point defect reductions in GaN
epilayers by employing in situ SiN, nanonetwork were stud-
ied by DLTS augmented by AFM, XRD, and low tempera-
ture PL. DLTS data demonstrated the reduction of deep lev-
els by the insertion of SiN, nanonetwork. The sample with
6 min SiN, nanonetwork layer exhibited the lowest trap con-
centrations (traps A and B), even lower than those for the
sample prepared by conventional ELO. Our results also sug-
gest that a more effective way to reduce both point and ex-
tended defects is to increase the SiN, coverage in a single
layer instead of adding a second SiN, nanonetwork with the
same SiN, coverage.
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thank T. S. Kuan, W. J. Choyke, R. M. Feenstra, and R.
Devaty for discussions and collaborations on the dislocation
reduction in GaN growth, and D. Johnstone for continual
discussions of DLTS.
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