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Increased carrier lifetimes in GaN epitaxial films grown using SiN
and TiN porous network layers

U. Ozgiir,? Y. Fu, Y. T. Moon, F. Yun, and H. Morkog
Department of Electrical Engineering, Virginia Commonwealth University, Richmond, Virginia 23284

H. O. Everitt”
Department of Physics, Duke University, Durham, North Carolina 27708

(Received 8 December 2004; accepted 24 February 2005; published online 29 Apjil 2005

Improved structural quality and radiative efficiency were observed in GaN thin films grown by
metalorganic chemical vapor deposition on SIN and TiN porous network templates. The
room-temperature decay times obtained from biexponential fits to time-resolved photoluminescence
data are increased with the inclusion of SiN and TiN layers. The carrier lifetime of 1.86 ns measured
for a TiN network sample is slightly longer than that for a 2@@-thick high-quality freestanding

GaN. The linewidth of the asymmetric x-ray diffractiOdRD) (1012) peak decreases considerably

with the use of SiN and TiN layers, indicating the reduction in threading dislocation density.
However, no direct correlation is yet found between the decay times and the XRD linewidths,
suggesting that point defect and impurity-related nonradiative centers are the main parameters
affecting the lifetime. ©2005 American Institute of PhysidDOI: 10.1063/1.1894583

I. INTRODUCTION the cost. To overcome this drawback, several groups have
reported on the micro-ELO method using Ensitu grown
Technological advances in group-lll nitride-based opto-discontinuous SiN layer as ma&k The SiN layer is typi-
electronic and electrical devices have been made possiblsally deposited on the GaN buffer layer by simultaneously
owing to extensive materials research, resulting in the comintroducing silane and ammonia gases into the metalorganic
mercialization of short-wavelength emitters and detectors.chemical vapor depositiolMOCVD) reactor. Thein situ
Meanwhile, the motivation for improved devices as well asELO method can significantly reduce the density of thread-
bringing high-performance electronic devices to the markeing dislocations and the production cost because all the pro-
place is continually driving the GaN technology for im- cesses can continuously be performed within the growth
proved material quality with better optical and electrical per-chamber.
formance. In attaining the current state of nitride device de-  Another technique to reduce the TD density is to use a
velopment, overcoming material growth difficulties has beenTiN interlayer™ A thin Ti metal layer is deposited on a thin
the main focus. Conventional heteroepitaxial growth of GaNGaN template by am-beam evaporator and then annealed
on low-temperature GaN or AIN buffer layers deposited onunder an ammonia plus hydrogen atmosphere #00 °C
sapphire(Al,O3) and SiC substrates results in films contain-in the MOCVD chamber. The thermal annealing process
ing high density of threading dislocationgTDs) transforms the Ti metal layer to a TiN porous network. Si-
(10°-10° cm™) and associated point defects due to latticemultaneously, the underlying thin GaN template is thermally
mismatch between the film and the substrate. These impeetched to form crystalline GaN grains which act as seeds in
fections affect both the optical and electrical properties, hinthe subsequent GaN overgrowth process. Although it re-
dering advances in device performance since they scattguires theex situprocess of Ti metal layer deposition by an
charge carriers and reduce the efficiency of radiativee-beam evaporator, the TiN network method is more effec-
recombinatiorf. tive in reducing the dislocation density than the SiN network
The best quality GaN epilayers are obtained by usingnethod due to this initial lateral growth of the GaN seeds.
homoepitaxial growth over freestanding GaN templates or  The application of a TiN interlayer has recently been
bulk GaN; however, at present, the size and growth rate ofeported for self-separation of HVPE-grown GaN template
high-quality bulk crystals are limited. Thick hydride vapor- few hundred micronsfrom sapphiré” A very low TD den-
phase epitaxy(HVPE)-grown GaN templates exhibit very sity of 5x 10° cm?was achieved for the GaN grown on the
low TD densities(5x 10° cm‘z).3'4 Currently, to reduce TDs TiN interlayer. However, in these experiments the HVPE
and to obtain device-quality GaN epilayers, the best way i$3aN layers were very thick300 um), and a dislocation den-
to use the epitaxial lateral overgroRtELO) technique; Sity of 10° cm is already possible in GaN layers grown by
however, the conventional ELO process requ'e'gsitupho- the same method without any TiN nethleTherefore, the
tolithographic preparation that is cumbersome and increasegffectiveness of the TiN network method to reduce TD den-
sity was uncleatr.
Electronic mail: Lozgur@veu.edu Here we report the optical characterization of thin GaN
YAlso with the U.S. Army Research Office, Research Triangle Park EPitaxial layers grown by MOCVD on SiN and TiN porous
Durham, NC 27709. networks. The photogenerated carrier decay times measured
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by time-resolved photoluminescen€ERPL) are lengthened TABLE I. XRD and 10 K PL linewidths, and TRPL decay constants and

as a result of either the SiN or the TiN network. In fact theamplitude ratios(at 200uJ/cn? excitation density for GaN thin-layer
lifeti df | ith the TiN i "[ | ’ samples grown with singlés-SiN) and double(d-SiN) SiN layers on low-
Ifetimes measured 1or samples wi e 1IN Interlayer aretemperature GaN buffer layers.

longer than even that for thick HYPE-grown templates and

thin films without the TiN network, indicating the superior 10 K PL XRD
quality of the overgrown GaN layers. DX (0002, (1012) ™ Ty
Sample (meV) (arc min (ns) Ayl Ay
Il. EXPERIMENTAL DETAILS Control 17.7 10.7, 26 0.04, 0.15 0.03
s-SiN 17.1 10.9, 15.6 0.09, 0.18 0.27
Three sets of GaN samples with SiN network wereg-sin 13.0 9.6, 12 0.10, 0.29 0.61

grown with three different 100 nm-thick buffer layers on 6H-
SiC substrates which were H etched at 1700 °C to eliminate

polishing damage: (1) a low-temperature (LT)  tijon was incident 45° to the surface normal, and the TRPL
(550 °O-grown GaN buffer,(2) a high-temperaturéHT)  was collected normal to the surface. The excitation density
(950 °Q-grown GaN buffer, and(3) a high-temperature (~200 xJ/cn?) was kept well below the stimulated emis-
(1090 °Q-grown AIN buffer. A thin porous SiN layer was  sjon threshold to measure the decay times.

deposited directly on the buffer layers by interrupting the Ga

source flow and flowing diluted silane gas in the presence of

ammonia. Partial coverage of the buffer layer achieved b

short deposition times formed the porous SiN structure. Thi)sf”' RESULTS AND DISCUSSION

was followed by GaN overgrowth at 1000, 1030, and  Cross-sectional transmission electron microsddjim)
1050 °C for the LT-GaN, HT-GaN, and AIN buffer layer analysis of a 1.5um-thick GaN sample with a single SiN
samples, respectively. The growth pressure was 30 Torr, anganonetwork layer deposited on a 100 nm-thick LT-GaN
the NH; to Ga source flow ratigV/Ill ratio) was kept at  pyffer showed a significant reduction in the TD density
2000. For each of the three sets, one control sample with ngnid-10 cm2) compared to the sample with no SiN net-
SiN nanonetwork, one sample with a single SiN networkyork (mid-10° cm?).2 With increasing GaN thickness and
layer, and a third sample with double SiN network layersyjith the deposition of a second SiN layer, the TD density is
were grown. For the double SiN layer growth, a second SiNexpected to decrease further. It is found that the GaN growth
layer was deposited after the deposition ofi@ of GaN on  starts from inside the pores in the SiN film, resulting in the
the first SiN layer. The total thickness of each sample wagormation of GaN islands during the initial stages of growth.
5 um. There was no intentional doping in any of the These GaN islands subsequently grow laterally over the SiN
samples. covered area and, finally, a fully coalesced film is achieved.
For the TiN network template preparation, 10-nm Ti TEM images show that the porous SiN layer effectively
films were e-beam evaporated on Ogn-thick MOCVD-  pjocks the vertical propagation of a majority of threading
grown GaN templates, then subjectedirtcsitu thermal an-  gisjocations through the overgrown GaN, leading to an order
nealing at 1050 °C in a fixed ratio of NHo H, (1:3) gases  of magnitude reduction in the dislocation density. In addi-
inside the MOCVD chamber at 200 Torr. Critical parametersion, the dislocations also bend during the growth of the is-
for TiN annealing conditions, such as the gas rétle: NHz,  |ands and penetrate through the SiN layer, increasing their
with a constant total flow rajeannealing temperature, and chances of combining and annihilating each other.
annealing time, have been explored previodSknnealing TEM measurements on TiN network samples indicate
times of 15, 30, 45, and 60 min were used for nitridation ofthat thin and extended surface voids are formed above the
four different samples. GaN was then overgrown at 1030 °Gjiscontinuous TiN layer, resulting in the lateral overgrowth
with constant TMGa and Niflow rates of 156umol/min  of GaN'? The TDs in the GaN template are blocked by the
and 71/min, respectively, maintaining a V/Ill ratio of 2000. TiN layer, and many of the TDs penetrating through the TiN

The overall thickness was7.5 um. For comparison, a con-  windows to the upper layer change their propagation direc-
trol GaN layer was grown on the same GaN template using

Iden_:"_lcal grOV.Vth COﬂdlthhS but IWIthOI.Ut thfe I;I-IN netV\I/ork.b TABLE Il. XRD and 10 K PL linewidths, and TRPL decay constants and
0 Investigate the structura qual_ty of the samples, Othamplitude ratios(at 200uJ/cnf excitation density for GaN thin-layer
symmetric(0002 and asymmetrig1012) x-ray diffraction  samples grown with singlés-SiN) and double(d-SiN) SiN layers on high-
peaks were measured using a Philips X’Pert MRD systentmperature GaN buffer layers. Tohe PL FWHM values are obtained by fit-
equipped with a four-crystal G&220) monochromator. tmg to the high-energy S|d(_e of the”R peak, since there is too much broad-

. ening on the low-energy side.
Continuous-wavdcw) PL was measured at temperatures as

low as 10 K using a 25 mW HeCd laser operating at 325 nm 10 K PL XRD
(3.82 e\). Detection was performed by photon counting us- DOX (0002, (1012) "
ing a photomultiplier tube attached to a 1.25 m grating specSample (meV) (arc min (n9 Ayl A

trometer. TRPL spectroscopy was employed at room tem-

. P Py . ploy Control 3.9 47,85 0.04, 0.54 0.04
perature using a~45 ps resolution Hamamatsu streaks_SiN 42 36 4.9 0.16. 0.45 0.30
camera. Pulsed excitation was from a 1 kHz optical paramety g\, 36 43 52 0.10. 0.85 0.62

ric amplifier with ~100 fs-wide pulses. The 3.82 eV excita-
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TABLE IIl. XRD and 10 K PL linewidths, and TRPL decay constants and - PSR ISR TR T N SO SO S S|
amplitude ratios(at 200uJ/cn? excitation density for GaN thin-layer > 3 2 ]
samples grown with singlés-SiN) and double(d-SiN) SiN layers on high- "é’ b :
temperature AIN buffer layers. S s ¢ \
N 1: 2 E ‘\‘\
O e
10 K PL XRD 5 S S,
DX (0002, (1012) TV, ~ 3346 348 350 352

Sample (meV) (arc min (n9 Aol Ay 2 o ___Bhoton energy (eV)

w = ___.
Control 43 8.2,7.9 0.13, 0.32 0.06 s X s
s-SiN 2.3 7.8,8.4 0.20, 0.45 0.42 E g o
d-SiN 2.3 75,44 0.29, 0.77 0.38 1 3-----

o B

——
3.0
tion and extend laterally. As a result, the density of threading Photon energy (eV)

dI_S|0catlor?S Slgmﬂcamly qgcreases at and above thEIG. 1. 10 K PL spectra for the double-layer SiN network samples. The
TiN/GaN interface(~10° cm ). inset shows the free exciton region of the spectra.
Supporting these observations are the x-ray diffraction

(XRD) results in Tables V. The fu_II width at half maxi- PL FHWM of 2.3 meV, indicating that high optical quality
mum (FWHM) of the (1012) peak is decreased for the ¢4 pe achieved with the inclusion of the SiN porous net-
samples with SiN and TiN networks, which generally sug-york.

gests the reduction of edge and mixed TDs. The addition of Figure 2 shows the 10 K PL spectra for the GaN epilayer
the second SiN layer shows further improvement except fosamples with TiN subjected to 15 and 60 min nitridation and
the HT-GaN buffer layer sample. It is also seen that thethe control sample with no TiN. All four samplg¢80 and
FWHM of the (1012) peak decreased with further nitridation 45 min nitridation samples not shoyexhibit strong exci-

in TiN network samples. To ascertain whether the reductioionic features around the band edge. The blue and yellow
of TDs actually reduces the nonradiative pathways, lowJuminescence bands are also visible but are as much as two

temperature PL and room-temperature TRPL measuremen@§ders of magnitude weaker than the band-edge emission in
were performed on all the samples. all the samples. An enlarged view of the band-edge spectral

10-K PL spectra for double-layer SiN samples from eachregion is shown in the inset of Fig. 2, wher_e the free exciton
set are shown in Fig. 1. The inset shows an enlarged view d?;a(aks aé ?1'49;’ 3.499,dand 3.511 eV indicate th_@' FImeTh
the band-edge spectral region. It is clear that the sample with B a(;1 t eb A 3XC|te _t-sr;gtc?xt)rans[tlorjs, re sple;ctlve)g te
the high-temperature AIN buffer layer exhibits strongermaIn ONnor-bound excito emission 1S observed &

o : 3.485 eV. The FWHM of the FXand the X peaks are

band-edge excitonic features, where e exciton(FX,) iven in Table IV. Another donor-bound exciton peak at
and donor-bound excitofD®X) transitions are easily distin- 3 ' P

ished at 3.488 and 3.483 eV velv. The i . ?.471 eV, which is not observed for the control sample, is
guished at 3. and o. eV, respectively. The intensity Yisible for the samples with TiN network. The intensity of

the band-eclige .emission is increased for samples with Silis peak is an order of magnitude larger for the 15 min
layers and is higher for the samples grown on AIN bufferpyigation sample than for the other samples. We suspect
layers. The yellow and blue emission bands are about aghat the number of Ti impurities in overgrown GaN is re-

order of magnitude weaker than the band-edge emission. Agyced with increasing nitridation and that the 3.471 eV PL
listed in Tables I—I”, the FWHM of the E)( peak obtained line may be related to these impurities_

from Gaussian fits decreases with the addition of the SiN
layers. Samples with SiN layers on AIN buffer layers have a

TABLE IV. XRD and 10 K PL linewidths, and TRPL decay constants and
amplitude ratios(at 200uJ/cn? excitation density for GaN thin-layer
samples grown on TiN templates. Data for the control sample with no TiN

£ 5
=)
s 1E ]
layer and a freestanding GaN sample are also included. s E ] E
> 3ASPhoton enefgjio(ev E
10K PL XRD _ R U2
FXa, DX (0002, (1012) T, T GC) N al— [
Sample (meV) (arc min (n) Ayl A e L
15 min 3.2,3.9 6.4, 6.1 0.47,1.86  0.59 T 1 -
30 min 3.8, 45 5.8, 4.9 0.39,1.32  0.58 Tc?“tf"" ——— |
45 min 4.0,5.3 51,46 0.45, 1.68 0.54 2.0 2.5 3.0 3.5
60 min 34,32 5.9,4.6 041,154 052 Photon energy (eV)
Control 3.1,3.2 56,71 0.13, 0.30 0.36
Freestanding 0.34, 1.73 0.33 FIG. 2. 10 K PL spectra for the 15 and 60 min nitridation TiN network

GaN

2
z
=
g
L
z
i
2
2
=
|
o

samples and the control sample. The inset shows the free exciton region of
the spectra.
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T T T |

| 1 | 1 | L 1
High temp. GaN buffer

L
@ 160 min £ 2 [
‘c ]TiN g} r = d-SiN L
- =] B > | s-SIN [
2 3 Z] 3 = control [
© 3 1 r © i
= 7 = - 5,
2‘ T T T ' -Iz‘ -
‘» 3.40 345 350 3 @ 3

3 E = r
g : Photon energy (eV) 3 5 F
€ - - c p -
1 3 L i system i
o 3 E o response

L) T T T I L} L} L} L] I 1 L} L} L) I T I T I T I L) I T I Ll
2.0 2.5 3.0 3.5 0.0 04 08 12 1.6

Photon energy (eV) Time delay (ns)

FIG. 5. Normalized time-resolved PL spectra for the SiN network samples

FIG. 3. Room-temperature PL spectrum for the 60 min nitridation TiN net-" .~ *. S : .
work sample. The inset shows the temperature dependence of the free ex ith high-temperature GaN buffer layers. The solid lines are biexponential

ton region. The peaks marked with filled circles show the evolution of the s to the data.
A-free exciton(FX,) peak.

efficiency of the radiative recombination, and therefore the

To verify the excitonic peak assignments, temperaturematerial quality, is strongly related to the decay time of the
dependent PL measurements were performed on the 60-mparticular transition. There is a limited number of reports
nitridation sample. In the 300 K PL of Fig. 3, the blue bandrelated to the TRPL lifetimes of excess carriers in GaN at
dissappears, the band-edge emission redshifts to 3.422 e900 K. Kwon et al™® reported a biexponential decay with
and the ratio of the band-edge luminescence to the yello#50 and 740 ps time constants for high-quality Si-doped
luminescence decreases. The inset of Fig. 3 shows the evblOCVD-grown GaN/sapphire. Decay times between 205
lution of the FX, peak with increasing temperature. Boundand 530 ps were measured for thick HVPE-grown
exciton peaks are visible up to 50 K, and only the Fatd templatesl,“_16 and values ranging from 44&Ref. 17 to
FXg peaks remain above 100 K. The strong thermal quench506 ps(Ref. 16 were reported for homoepitaxially grown
ing of the bound excitons comes from the increasing rate oaN layers. In addition, Chichibet al’® and Izumiet al*®
excitation to the free exciton continuum. reported biexponential decays with lifetimgsand , of 130

The excitonic fine structure and the narrow linewidths atand 400 ps, and 80 and 459 ps, respectively, for GaN/
low temperatures are measures of the quality of the samplesapphire films grown using ELO. However, the same groups
however, it is not possible to come to a conclusion about th@btained longer biexponential lifetimes of 130 and 860 ps
radiative efficiency from cw PL. TRPL is a nondestructive (Ref. 18, and 98 and 722 p&Ref. 19 for bulk GaN.
and powerful technique commonly used for the characteriza-  Figures 4-6 show the TRPL data for the SiN network
tion of excess carrier dynamics in semiconductors. Sincéamples with LT-GaN, HT-GaN, and HT-AIN buffer layers,
most optical and electrical devices are operated at room teniespectively. The decays for all the samples were well char-
perature, understanding the fundamental excess carrier rgcterized by a biexponential decay functidqexp(-t/ )
combination dynamics at 300 K is required to evaluate thetA, exp(—t/ 7). Tables I-lll summarize the decay constants
relevant radiative and nonradiative recombination mechaand the amplitude ratio@\,/A;) obtained from the fits using
nisms and thus to improve the performance of devices. Ththe Levenberg-Marquardt algoritfihBiexponential decays

L 1 L I 'l ' 1 1
Low temp. GaN buffe High temp. AIN buffer

@ 3 @

= d-SiN E = d-SiN F
c . o c 3
> \ s-SiN 3 s-SiN
S control L ¥e) control [
< 3, 3
= [ >
@ L @ I
c E c

hL/ F o 3
£ '*system i = C
- - — 5
o response AV wLE o =

T T T T T T T T a I ' |
0.0 0.4 0.8 0.0 04 08 1.2 1.6
Time delay (ns) Time delay (ns)

FIG. 4. Normalized time-resolved PL spectra for the SiN network samplesFIG. 6. Normalized time-resolved PL spectra for the SiN network samples
with low-temperature GaN buffer layers. The solid lines are biexponentialwith high-temperature AIN buffer layers. The solid lines are biexponential
fits to the data. fits to the data.
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L L 1 tively slower band-to-band radiative recombination. More-
15 min - TiN |} over, since both decay constants increasefif; remains
freestanding constant(e.g.,A,/A;=0.55 for 20uJ/cn? excitation for the
control 15 min nitridation samplewith increasing excitation, we can
also rule out the partial contribution from bimolecular
recombinatiort’ which has an estimated characteristic decay
time of around 1.6 ns for a #dcm 2 carrier density?

IV. CONCLUSIONS

system
response

PL intensity (arb. units)

The improvement in decay times for the samples with
— T SiN and TiN templates compared to the control GaN samples
1 2 3 4 reflects the fact that TDs act as nonradiative recombination
Time delay (ns) channels. However, no direct correlation is observed between
the XRD linewidths and the decay times within the SiN and
FIG. 7. Normalized time-resolved PL spectra fo_r the 15 min nitrid_atic_)n TiN TiN network samples. For samples with a low density of
n_etwork sampl_(e, control sample, and freestanding GaN. The solid lines arsf_DS it has been su ted that th hort diffusi
biexponential fits to the data. ' ggeste at tne very short diirusion
length of carriers in GaN prevents most of the carriers from
being trapped into TD¥ Therefore, the observed sample-to-
are characteristic of capture and recombination processes insample variation in the decay times may be ascribed to point-
multilevel system. They may here be interpreted as related tgefect-like nonradiative centers that cannot be detected by
the capture into deepénonradiative centers, either in the the TEM. Similar TRPL decay times measured from the
bulk or at the surface/interface of the layer, followed by re-wing and the window regions of ELO-GaN samples, wing
combination. Although the biexponential decay timgand  region having almost four orders of magnitude smaller TD
7, most probably do not represent the pure nonradiative anglensity (<10° cm2), support this argumeﬁﬁ-lg These re-
radiative lifetimes, respectively, the ra#g/A, is suggestive  sults indicate that threading dislocations do not limit the
of the relative importance of radiative decay. Thus, the paremission efficiency at room temperature as much as other
ticularly large (A,/A;>0.5 magnitude for the slow decay- types of nonradiative recombination centers like point de-
ing components suggests increased radiative efficiencyects and impurities.
Since the defect and the dislocation density may not be uni-  |n short, growth of GaN thin films on SiN and TiN po-

form, the photoexcited area may contain two regions havingous network templates significantly improves the structural
different recombination times. Therefore, the measured lifequality and the radiative efficiency of the overgrown layer. In
times 7, and 7, are both limited by nonradiative recombina- terms of the decay times, the samples with TiN network
tion, so longer decay lifetimes and largly/A; ratios indi-  show much better performan¢aimost two times increase in
cate reduced nonradiative relaxation. decay timesthan the samples with SiN network. The slow
For all three sets of samples, the decay times and thgecaying component for the 15 min nitridation sample has a
A/ A, ratio generally increase with the addition of each SiN7,=1.86 ns time constant that is comparable with the result
layer. For the set with the HT-GaN buffer, the control sampleof ,=1.73 ns from a 20@Q.m-thick freestanding GaN, but
has a longerr, but much smalleA,/ A, ratio than the single  has a relative magnitudg\,/A,) almost twice as large.
SiN layer sample, and the double SiN layer sample has a
shorterr;, but almost two times longer, than the single SIN  ACKNOWLEDGMENTS
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