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Long carrier lifetimes in GaN epitaxial layers grown using TiN porous
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Improved structural quality and radiative efficiency were observed in GaN thin films grown by
metalorganic chemical vapor deposition on TiN porous network templates formadshy thermal
annealing of Ti in ammonia. The room-temperature decay times obtained from biexponential fits to
time-resolved photoluminescence data are longer than ever reported for GaN. The carrier lifetime of
1.86 ns measured for a TiN network sample is slightly longer than that for aug0Q@hick

high-quality freestanding GaN. The linewidth of the asymmetric x-ray diffractiéRD) (1012)

peak decreases considerably with the use of TiN layer and with incremssity annealing time,
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 lifetit200& American Institute of
Physics[DOI: 10.1063/1.1944903

Technological advances in group-lll nitride-based opto-porous networks. The photogenerated carrier decay times
electronic and electrical devices have been made possibleeasured by time-resolved photoluminesce(itRPL) are
owing to extensive materials research, resulting in the comlonger than ever reported and are shown to be larger than
mercialization of short-wavelength emitters and detectors.that for a thick HVPE-grown template and thin films without
Meanwhile, the motivation for improved devices as well asthe TiN network: an indication of the superior quality of the
bringing high performance electronic devices to the markebvergrown GaN layers.
place is continually driving the GaN technology for im- Ti films of 10 nm were electron-beam evaporated on 0.7
proved material quality with better optical and electrical per-um thick MOCVD-grown GaN templates, and then subjected
formance. Conventional heteroepitaxial growth of GaN onto in situ thermal annealing at 1050 °C in a fixed ratio of
low-temperature GaN or AIN buffer layers deposited on sapNH; to H, (1:3) gases inside the MOCVD chamber at 200
phire (Al,O3) and SiC substrates results in films containingTorr. Critical parameters for TiN annealing conditions such
high density of threading dislocatioiEDs) (10°-10° cm?)  as the gas ratidH,:NH;, with a constant total flow rate
and associated point defects due to lattice mismatch betweénnealing temperature, and annealing time had been ex-
the film and the substrate. These imperfections affect botRlored previously. Annealing times of 15, 30, 45, and 60
the optical and electrical properties, hindering the advance®in were used for nitridation of four different samples. GaN
in device performance since they scatter charge carriers adlas then overgrown at 1030 °C with constant TMGa and
hamper the efficiency of radiative recombinatfon. NH; flow rates of 156umol/min and 7€ /min, respectively,

The best quality GaN epilayers are obtained by usingnaintaining a V/lll ratio of 2000. The overall thickness was
homoepitaxial growth over freestanding GaN templates or-7.5 um. For comparison, a control GaN layer was grown
bulk GaN; however, at present, the size and growth rate ofn the same GaN template using identical growth conditions
high quality bulk crystals are limited. Thick hydride vapor but without the TiN network.
phase epitaxyfHVPE) -grown GaN templates exhibit very As suggested by the transmission electron microscope
low TD densities(5x 10° cm2).%* For the reduction of TDs  (TEM) analysis, thin and extended surface voids are formed
and to obtain device quality GaN epilayers, different meth-2bove the discontinuous TiN layer, resulting in the lateral
ods such as epitaxial lateral overgrowfLO) (Ref. 5 and ~ overgrowth of GaN. The TDs in the GaN template are
micro-ELO on in situ grown discontinuous SiN layer  blocked by the TiN layer, and many of the TDs penetrating
mask 2 are introduced. The ELO process requiesssitu  through the TiN windows to the upper layer change their
photolithographic preparation that is cumbersome and inPropagation direction and extend laterally. As a result, the
creases the cost. In this letter, we report on the optical chadensity of TDs significantly decreases at and above the TiN/
acterization of thin GaN epitaxial layers grown by metalor-GaN interface. From the x-ray diffractiofkRD) results in
ganic chemical vapor depositidMOCVD) on TiN micro- Table |, it is also seen that the full width at half maximum

(FWHM) of the (1012) peak decreases with increasing nitri-

Ejectronic mail: uozgur@veu.edu dation time. This generally suggests that the density of edge
YAlso with the U.S. Army Research Office, Research Triangle Park,@2Nd mixed TDs is reduced with further nitridation. Addition-
Durham, NC 27709. ally, the FWHM values of0002 peaks are larger than those
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TABLE I. XRD and 10 K PL linewidths, and TRPL decay constants and

amplitude ratios(at 200uJ/cn? excitation density for GaN thin layer o E
samples grown on TiN templates. Data for the control sample with no TiN c 5
layer and a freestanding GaN sample are also included. _Z 1 ;E
@ £
FWHM XRD g g
FXa, DoX (0002, (1012) ™ Ty E 3.45
Sample (meV) (arcmin (ns ALlA, § Photon energy {eV)
c
15 min 3.22,3.90 6.43, 6.11 0.47,1.86  0.59 131300K
30 min 3.88, 4.52 5.83, 4.86 0.39, 1.32 0.58 o , : _
45 min 4.00, 5.27 5.09, 4.61 0.45, 1.68 0.54 2.0 2.5 3.0 3.5
60 min 340,324 497,457 041,154 052 Photon energy (eV)
Control. 3.09,3.15 5.60, 7.11 0.13,0.30 0.36 FIG. 2. Room-temperature PL spectrum for the 60 min nitridation sample.
Freestanding The inset shows the temperature dependence of the free exciton region. The
GaN 0.34,1.73 0.33 peaks marked with filled circles show the evolution of the A-free exciton

(FXa) peak.

of (1012) peaks most probably due to the dispersion indhe network. The intensity of this peak is an order of magnitude

plane or vertical tilt introduced by the growth on porous TiN‘Iarger for the 15 min nitridation sample than for other

To ascertain whether the reduction of TDs actually reducegalmloles We suspect that the number of Ti impurities in over-
the nonradiative pathways, low-temperature photoluminesz rown G.aN is reduced with increasing nitridation and that
cence(PL) and room-temperature TRPL measurements wer e 3.471 eV PL line may be related to these impurities.

perfgror?]i:i(rll]uc:)nus_l\ll\;[;l\?éz\?vr)ng:_ejv.as measured at 10 K using a To verify the excitonic peak assignments, temperature
25 mW HeCd laser operating at 325 r@.82 eV} TRPLg dependent PL measurements were performed on the 60 min
P 9 i : itridation sample. In the 300 K PL of Fig. 2, the blue band
spectroscopylwas employed at room ktemperature using Issappears, the bandedge emission redshifts to 3.422 eV,
~4 i H . 3.82 - . ’ !
puéeﬂse;ﬁﬁgt:gﬁocvasﬂa; ?tillilzsct)ﬁiiical T)erpaer:waetrii im-e and_ the ratio of the band edge_: IumlneS(_:ence to the yellow
plifier with ~100 fs wide pulses. The excitation density luminescence decreases. The inset of Fig. 2 shows the evo-
(~200 pJ/cn?) was kept well below the stimulated emis- Ieuilcc:trl)r?fpt:aekzxgrg?/ﬁsl?b\l,\gt:pmtgrzgswgatr?g]gﬁlg/a&e' :nodund
ion threshold t th ti . : ' A
sion threshold to measure the decay times ,FXB peaks remain above 100 K. The strong thermal quench-

Figure 1 shows the 10 K PL spectra for the GaN epilaye : - .
samples with TiN subjected to 15 and 60 min nitridation and"9 of the bound excitons comes from the increasing rate of

the control sample with no TiN. All of the sampl¢30 and ~ €Xcitation to the free exciton continuum. .
45 min nitridation samples not shoyexhibit strong exci- The excitonic fine structure and the narrow linewidths at
tonic features around the band edge. The blue and yellodpW temperatures are measures of the quality of samples;
luminescence bands are also visible but are as much as tAPWeVer, it is not possible to come to a conclusion about the
orders of magnitude weaker than the bandedge emission fidiative efficiency from cw-PL. TRPL is a nondestructive
all the samples. An enlarged view of the band edge spectréﬂnd powerful technique commonly used for characterization
region is shown in the inset of Fig. 1, where the free excitorPf €xcess carrier dynamics in semiconductors. There is a
peaks at 3.491, 3.499, and 3.511 eV indicate Fdg, the limited number of reports related to the TFiOPL lifetimes of
FXg, and theFX, excited state transitions, respectively. The €xcess carriers in GaN at 300 K. Kwat al.™ reported a
main donor bound excitoiD®X) emission is observed at biexponential decay with 150 and 740 ps time constants for
3.485 eV. The FWHM of theeX, and theD°X peaks ob- high quality Si-doped MOCVD-grown GaN/sapphire. Decay
tained from Gaussian fits are given in Table I. Anotherfimes between 205-530 ps were measured for thick
donor-bound exciton peak at 3.471 eV, which is not observed™63 um) HVPE-grown template$,* and values ranging
for the control sample, is visible for the samples with TiN from 445 (Ref. 14 to 506 ps(Ref. 13 were reported for
homoepitaxially grown GaN layer6~1 um). In addition,

Chichibu et al’® and Izumiet al® reported biexponential

“ ; Ao _'15mm decays with lifetimeg7;, 7,) of (130, 400 ps and(80, 459
i 4 ba\ | somn ps, respectively, for GaN/sapphire filfis9 wm) grown us-
]z +"pox ing ELO. However, the same groups obtained longer biexpo-
§ FX, nential lifetimes of(130, 860 ps (Ref. 15 and (98, 722 ps

@
i
o

(Ref. 16 for bulk GaN (>80 um).
e Figure 3 shows the TRPL data for the 15 min nitridation
., ’ sample, the control sample, and a HVPE-grown 200
i 6 thick freestanding GaN. The decays for all the samples were
------- i well characterized by a biexponential decay function:
—— control : . A, exp-t/ ) +A, exp(—t/ 7). Table | summarizes the decay
2.0 Pﬁ-f 3.0 oV 3.5 constants and the amplitude ratios,/A;) obtained from
oton energy (eV) the fits using the Levenberg-Marquardt algorithnThe 15
FIG. 1. 10 K PL snectra for the 15 min and 60 min nitridation samples andMiN Nitridation sample exhibits decay times that are the long-
the control sample. The inset shows the free exciton region of the spectra€St ever reported for GaN at room temperature.

348 350 35
Photon energy (eV),
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: : j ’ ' mainly have different TD densities, support this
argument>®These results indicate that TDs do not limit the

4 emission efficiency at room temperature as much as other
types of nonradiative recombination centers, such as point
defects and impurities.

In summary, the growth of GaN thin films on TiN micro-
porous network templates significantly improves the struc-
tural quality and the radiative efficiency of the overgrown
layer. We believe that the time constants measured here for
the GaN thin films with TiN templates are the longest ever
Ssiei reported for GaN at room temperature. The slow decaying
TraRalss 3 component for the 15 min nitridation sample hasta
. i . . =1.86 ns time constant that is comparable with the result of
0 1 2 3 4 7,=1.73 ns from a 20@m thick freestanding GaN, but has a

time delay (ns) relative magnitud€A,/A,) almost twice as large.

freestanding -
GaN

PL Intensity (arb. units)

FIG. 3. Normalized time-resolved PL spectra for the 15 min nitridation This work was supported by a DURINT program admin-
sample, control sample, and freestanding GaN. The solid lines are biexpo- db h h also b
nential fits to the data. |s§ere y ONRDr. C. E. C. Woodl. The research also ben-
efited from grants from AFOSFKDr. T. Steiner and Dr. G. L.
. . . itt). The Duke portion of this work was funded in part by
Biexponential decays are characteristic of capture ang; o Army Research Office Grant No. DAAG55-98-D-0002
recombi!’]ation processes in a multilevel sy;tem. Here, the5|Lhe authors would like to thank professors R. M. Feenstra of
may pe interpreted as relatgd to the capture into defeyer Carnegie Mellon, T. S. Kuan of SUNY Albany, and D. J.
radiative centers, either in the bulk or at the Surface/Smith of Arizona State University for their critical contribu-

interface of the layer, followed by recombination. Although tions to the development of TiN nanonetwork-based GaN by
the biexponential decay times and 7, most probably do not MOCVD

represent the pure nonradiative and radiative lifetimes, re-
spectively, the rajth AA, is suggestive of the relatlve m- 1y Morkog, “Nitride Semiconductors and Devi¢egSpringer, Berlin,
portance of radiative decay. Thus, the particularly large 1999.
(A,/A;>0.5 magnitude for the slow decaying components EM. A. Reshchikov and H. Morkog, J. Appl. Phy87, 061301(2005.
suggests increased radiative efficiency. Since the defect ancﬁ \ﬁsconst";-PM-kJO”%Sk 'V'\-( AL- ReAShCIh"l‘DOth F-L Y;;";;ag'(rz‘%gg”" H.
. . . . . orkog, S. S. Park, and K. Y. Lee, Appl. Phys. Le@7, , .

the dislocation (_1en5|ty ma_ly not be_ uqurm’ the phOtoe_XCIFed“Y. Oshima, T. Eri, M. Shibata, H. Sunakawa, and A. Usui, Phys. Status
area may contain two regions hav_lng_ different recombination sejigi A 194 554 (2002.
times. Therefore, the measured lifetimgsand =, are both  *See for example, P. Gibart, B. Beaumont, and P. Vennéggrsibook on
limited by the nonradiative recombination. Material; and Devicesedited by P. Ruterana, M. Albrecht, and J. Neuge-

With decreasing excitation energy density, the decay Pauer(Wiley-VCH GmbH & Co.KgaA, Weinheim, 2003 Chap. 2. -
ti liahtly d ge.g. ( )=(0.34 1.60 nsf S. Haffouz, B. Beaumont, P. Vennegues, and P. Gibart, Phys. Status Solidi
imes slightly decreasege.g. (;,7)=(0.34 ns, 1. sfor A 176 677(1999.
20 uJd/cnt excitation of the 15 min nitridation samgléor ’S. Sakai, T. Wang, Y. Morishima, and Y. Naoi, J. Cryst. Grov2®, 334
all of the samples. The longer carrier lifetimes observed at8(2000. ‘
higher photogenerated carrier densities may be attributed toA- Sagi"» R. ’\rf Feenstra, Ci'(Ij<" Inoki, T. S. Kuan, Y. Fu, Y. T. Moon, and
the saturation of trap stat&$This will result in more carriers gc"éﬁor\("% I\F/Jlo)c/; SFtaf(‘Jf] S(j) I'o'lzﬁ(?rz J7 ZS (i?ga‘s Ben, H. Morkog, €
recombining through relatively slower band-to-band radia- ki, T. s. Kuan, L. Zhou, and D. J. Smith, Appl. Phys. Le86,
tive recombination. Moreover, since both decay constants in- 043108(2005.
crease but A/A; remains constante.g., Ay/A;=0.55 for  *°Ho Ki Kwon, C. J. Eiting, D. J. H. Lambert, M. M. Wong, R. D. Dupuis,
20 wJ/cnt excitation for the 15 min nitridation sampleith né' '-E'"%”ta"wflseg "’l‘?d M. B&”f"sm%’alz_Agp'l-g nglsdb'-em 25d0;(2J003-|
increasing excitation, we can also rule out the partial contri- 2~ P‘;\;‘za‘l_e& ol 863522?599 -, B, B. Loldberg, and ). J. Molnar,
bution from bimolgc_ular recomt_)inatitiﬁ,which has an esti- 125 jyrgnas, S. Miasojedovas, G. Kuiik, A. Zukauskas, and P. R. Hage-
mated characteristic decay time of around 1.6 ns for man, Phys. Status Solidi £01, 199 (2004.
10 cmi™3 carrier density? A, V. Sampath, G. A. Garrett, C. J. Collins, P. Boyd, J. Choe, P. G.

The improvement in decay times for the samples with Newman, H. Shen, M. Wraback, R. J. Molnar, and J. Caissie, J. Vac. Sci.
TiN tem Iafes compared to thg control GaN sam ?e reflect&Tecmo" B22 1487(2009. 5
p P e . . p S. Jursnas, N. Kuritik, G. Kuril¢ik, A. Zukauskas, P. Prystawko, M.
the fact that Tl?s act as non_radllatlve recombination channels. eszcynski, T. Suski, P. Perlin, I. Grzegory, and S. Porowski, Appl. Phys.
However, no direct correlation is observed between the XRDlSLett. 78, 3776(200)).
linewidths and the decay times within the TiN network Sb-bF- Chlcglbu, T-‘Mirchands, l\g S.lensky, S. Keller, P. T. Fini, J. rf’.

; f ; Ibbetson, S. B. Fleischer, J. S. Speck, J. E. Bowers, E. Hu, U. K. Mishra,
samples. For samples with a IOV\.’ densny of TDs, it ha_s be.en S. P. DenBaars, T. Deguchi, T. Sota, and S. Nakamura, Appl. Phys. Lett.
suggested that the very short diffusion length of carriers in 7, 1460(1999.

GaN (<1 um) (Ref. 18 prevents most of the carriers from 11, |zumi, Y. Narukawa, K. Okamoto, Y. Kawakami, S. Fujita, and S.
being trapped into TDY Therefore, the observed sample-to- Nakamura, J. Lumin87, 1196(2000.

sample variation in the decay times may be ascribed to pointW- H: 'rrFfssf B. P. I(::I_ar%r;]ewA, tS ]{*-ST_“e't‘_?'S'gv a”dt;’\’- T. Q/?Jte"“ljg?_
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