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Time-resolved cathodoluminescence assessment of deep-level transitions
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The temporal behavior of deep-level Iluminescence emissions in  undoped
hydride-vapor-phase-epitaxy GaN layers of different thicknesses has been investigated by
time-resolved cathodoluminescenCeRCL). The complex nature of the yellow luminescence is
revealed in the TRCL spectra by the presence of two bands peaked at 2.22 and 2.03 eV. Ared band
with a decay time of 70Qus, centered at about 1.85 eV, dominates spectra recorded for long delay
times. Exponential transients with associated decay times of hundredsveére measured at 87 K

for all the deep-level emissions found in the layers. 2@03 American Institute of Physics.

[DOI: 10.1063/1.1565501

Gallium nitride has been intensively investigated in theon sapphire substrates by HVPE following the procedure de-
last years due to its application in optoelectronics and highscribed in Ref. 13. Room-temperature capacitance—voltage
temperature microelectronics. Nevertheless, it is widely recand Hall measurements, respectively, indicate a free-carrier
ognized that the role of deep levels controlling the electricakoncentration ofn=8x10 cm 3 and a mobility of u,
and luminescence properties of this material should be fully=260 cnf/V's for the LH1232 sample, while values af
understood in order to achieve devices optimization. In par=2x10"% cm 2 and x,=810 cnf/Vs were obtained for
ticular, a broad emission centered at about 2.2 eV, known athe LH1234 layer.
the yellow band, is commonly observedrirtype layers. The CL observations were performed in a Hitachi S-2500
origin of this luminescence remains unclear and differentSEM at accelerating voltages from 5 to 20 kV and tempera-
modeld~3 have been proposed to explain the emissiontures between 85 and 295 K. Steady-state spectra were ac-
Variations in peak position, shape and decay times reporteguired using a Hamamatsu PMA-11CCD camera with a
in different studie$™ suggest that several bands involving built-in spectrograph. TRCL measurements were carried out
different defects could contribute to the mentionedusing a pulsed electron beam. To record CL spectra at delay
luminescencd.On the contrary, deep-level-related emissionstimes ranging from 500 ns to 3 ms, the signal detected by a
in the green and red ranges of the visible spectrum are legghotomultiplier was collected trough a boxcar integrator trig-
frequently observed in undoped G&N. Cathodolumines- gered by a pulse generator and then fed to a comptifére
cence(CL) in the scanning electron microscof@EM) has  decay transients of the CL emissions were monitored with
been used to investigate the spatial distribution of GaN deeghe aid of a digital oscilloscope.
level emissions and their association to extended and point CL spectra of the samples investigated were found to
defect1%11 Although electron beam excitation usually depend on beam excitation conditions. In particular, deep-
leads to light emission by all mechanisms of radiative recomlevel-related emissions could be better appreciated at 85 K in
bination present in a semiconductor, several investigationgPectra obtained with a defocused electron beam, as Fig. 1
concerning the recombination kinetics of GaN defect center§hows. Near-band-gap emission related to donor-bound exci-
have been carried out by time-resolved photoluminescencd®ns is centered at 3.472 eV in the LH1234 sample and at
(TRPL),>512 while time-resolved cathodoluminescence 3.492 eV in the LH1232 sample. This shift is caused by a
(TRCL) studies of GaN deep levels have not yet been undelcompressive strain due to the thermal expansion coefficient
taken. In this work, TRCL is used to investigate the temporafMismatch between GaN and sappHit@ther peaks corre-
behavior of deep-level emissions in undoped GaN layers ofPonding to shallow donor—acceptor pelAP) transitions
different thicknesses grown by hydride-vapor-phase epitaxPPear centered between 3.4 and 3.2 eV in spectra of both
(HVPE). Our results indicate that CL emissions observed in@yers. Some of the deep-level-related emissions are com-
the yellow and red ranges of the visible spectrum are prob™°n to the samples investigated, as the blue CL band peaked

ably related to transitions from the conduction band to deeft 2-92 €V. A band centered at 2.88 eV has been previously
acceptor levels. observed in cross-sectional CL investigations of HVPE-

Two GaN films with thickness of 2.gm (LH1232 and ~ 9rOWn GaN layert and associated with point defects or im-

55 um (LH1234) were investigated. Both layers were grown purities decorating grain boundaries and dislocations. Actu-
ally, oxygen donors seem to be involved in the mechanism

responsible for this emissidf.In addition, CL emission is
dElectronic mail: cdiazgue@fis.ucm.es also observed in the yellow and red ranges of the visible
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FIG. 1. CL spectra of the LH1234 layéa) and the LH1232 film(b) re- A . . . . . . : X
corded with a defocused electron be&b K, 15 kV). 15 18 21 24 27 30 33 36 39
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spectrum. Gaussian deconvolution of spectra recorded Undef 5 ormaiized TRCL spectra of the LH1234 layey and the LH1232
different excitation conditions in the thick layer indicate that jayer (b) recorded at 85 K for different delay times using a defocused elec-
the bands observed in Fig(dl are centered at 1.81 and 2.23 tron beam.
eV. These bands are also observed peaked at 1.85 and 2.22
eV in CL spectra from the thin laydFig. 1(b)], but decon- il observed for delays longer than 1 ms. Similar results
volution reveals the existence of an additional emission, cengere obtained in the LH1232 layer, as Figbpshows. The
tered at 2.02 eV, in this sample. Such observation suggests22 ey pand dominates the spectrum recorded for a delay
that the latter peak could be related to structural defects lofme of 1 us, but the 2.03 eV CL band—previously found by
cated at the GaN—sapphire interface. In fact, an increase @feconvolution procedures—can be now clearly appreciated
the threading dislocation denSity with decreaSing Iayer tthkas a shoulder of the main emission. Present day views gen-
ness has been foutldn HVPE layers similar to those here erally agree in the acceptor character of the deep levels in-
investigated, while an enhanced yellow emission wassolved in the GaN yellow luminescence, being Ga vacancies
observed! near the substrate interface in CL investigationsand its complexes with oxygen or carbon often suggested
of thin HVPE GaN films. In order to evidence a possible candidates:* The relative weights of the 2.03 and 1.85 eV
thickness dependence of the distribution of the radiative cerpands increase by further increasing delay time, shifting the
ters involved in the CL bands, depth-resolved measurementsL. emission maximum towards higher energies. As in the
were performed by varying the beam voltage while keeping &ase of the thick layer, the 1.85 eV band is dominant for
constant injection raté.e., keeping a constant beam poyer delay times above 10@s. The intensity of this CL band is
The intensities of the 1.81 and 2.23 eV bands were found t@imost independent of temperature between 85 and 295 K,
decrease by increasing the accelerating voltage, which sugvhich differs from the intensity change of more than an or-
gests that the concentration of deep levels responsible fafer of magnitude observed in the same interval for other
such emissions is higher near the surface of the samplesaN red PL bands® attributed to deep DAP transitions.
This result supports previous PL wotk$ revealing a sig- Moreover, no peak shift of the 1.85 eV band is observed in
nificant concentration of yellow-luminescence-related cenour spectra by increasing delay time, which suggests that
ters at the surface of different GaN layers. deep donors are not involved in the mechanism giving rise to
The temporal behavior of the deep-level bands and theithis emissiorf° It should be mentioned that the temperature
decay times were assessed by TRCL spectroscopy. Figutehavior of our red band is similar to that observed for the
2(a) shows TRCL spectra from the LH1234 sample recorded®L band peaked at 1.92 eV associated by Reshclekay?!
at 85 K for different delay times after excitation with a 28  to Ga vacancies—related defects bound to structural imper-
pulse. A progressive delay time increase favors the red 1.8fections in HVPE GaN layers.
eV emission, while the relative intensity of the yellow 2.23 The decay times of the observed emissions obtained
eV band decreases in comparison. The 2.92 eV CL can bigom CL transients recorded at 87 K are summarized in Table
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TABLE |. Deep-level CL emissions decay times measured at 87 K in thesamp|e is evidenced by TRCL spectra revealing two bands

GaN layers investigated after excitation with a 26 beam pulse. peaked at 2.22 and 2.03 eV. A red emission, centered at about
Peak energyeV)  Sample LH1234us)  Sample LH123us) 1.85 eV, shows a _higher intensity near the surface of the
samples and dominates spectra recorded for long delay
;2; gg&lg gggilg times. Exponential transients with associated decay times of
202 340+10 hundreds ofus suggest that, apoye 87 K, emissions in the
1.81-1.85 70820 670+20 yellow and red ranges of the visible spectrum could be re-
lated to transitions from the conduction band to deep accep-
tor levels.
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cays. The shorter decay tlm9250 M) corresponds inboth  MAT2000-2119. R. Molnar and D. C. Look are gratefully
|ayerS to the 2.23 eV band, while |Ong decay times of abouhcknow|edged for providing the Samp'es_
430 and 700us were respectively found for the 2.92 and
1.81 eV emissions. An intermediate decay time of 340
was measured for the 2'0,3 eV band observed .m the thlnH. Morkoc, Mater. Sci. Eng., R33, 135(2001), and references therein.
layer, in good agreement with TRCL spectra. Previous TRPL2;, Neugebauer and C. G. Van de Walle, Appl. Phys. 168503 (1996.
investigations show a clear controversy between decay time3D. M. Hofmann, D. Kovalev, G. Steude, B. K. Meyer, A. Hoffmann, L.
measured for the yellow emissidér® In particular, nonexpo- Eckey, R. Heitz, T. Detchprom, A. Amano, and |. Akasaki, Phys. Rev. B
nential transients with decay times in the 1016 us range 422 /021999
Yy ; . IS g “R. Y. Korotkov, M. A. Reshchikov, and B. W. Wessels, Physic278-274
have been reportéd and explained in the frame of the g0 (1999.
Thomas—Hopfield mod® for DAP recombination. In prin-  °H. Haag, B. Hoerlage, O. Briot, and R. L. Aulombard, Phys. Rev6@
i . . . . : 11624(1999.

ciple, our exponential transients .Wlth associated dec.ay Flme%M. Herrera Zaldvar, P. Fernadez, and J. Piqueras, Semicond. Sci. Tech-
of hundreds ofus do not agree with the DAP recombination 4 13 900(1998.
theory, which predicts a wide distribution of instantaneous’m. A. Reshchikov, H. MorkocS. S. Park, and K. Y. Lee, Appl. Phys. Lett.
decay times extending from the ns to the ms rahyhis 78 2882(2001. _
discrepancy can be explained considering both the differentmyidfét't\'éé\"éizzz‘lsggéc' Chen, H. Liu, C. Kuo, and W. Imler, Appl.
nature of the excitation source and the different experimentabp, M. Hofmann, B. K. Meyer, H. Alves F.leiter, W. Burkhard, N. Ro-
conditions used in PL and CL experiments. In particular, manov, Y. Kim, J. Kiiger, and E. R. Weber, Phys. Status Solidi®0, 261
electron pulses of 2(s were used in this work while in PL (2000 Gp and - b a
experiments the sample is commonly excited with ns light I A Ponce. D- P Bour, W. Gp, and P. J. Wright, Appl. Phys. Le@8, 57

A7 ; : , , .
pU|Se§ Moreov_er, our C|_— tranglen.ts were record_ed at 871\ Herrera Zaldvar, P. Feriadez, and J. Piqueras, J. Appl. Ph§8, 2796
K, while the mentioned PL investigations were carried out at12(1998- .
liquid He temperature. A change in the recombination Yong-Hwan Kwon, S.K. Shee, G. H. Gainer, G. H. Park, S. J. Hwang, and
mechanism by increasing temperature has been recently rey: : S0nd: APl Phys. Leds, 840(2000.

y 9 p . . y QR. J. Molnar, W. Gtg, L. T. Romano, and N. M. Johnson, J. Cryst. Growth
ported for GaN deep-level PLWhile a DAP-type recombi-  17g 147 (1997.
nation was observed at 15 K, PL decay curves were found t§A. Urbieta, P. Fermiadez, J. Piqueras, Ch. Hardalov, and T. Sekiguchi, J.
approach an exponential behavior by increasing temperaturgPnys- D34, 2945(2001.
dpp ¢ . P f the f | ty gt ti P d E?g' C. Reynolds, D. C. Look, B. Jogai, J. E. Hoelscher, R. E. Sherriff, and
ue to an increase of the free-electron concentration and ag' ;" \ioinar, 3. Appl. Phys88, 1460(2000.
decrease of the number of neutral donors. A similar proces$H. c. vang, T. Y. Lin, and Y. F. Chen, Phys. Rev.62, 12593(2000.
could account for the present CL results. Actually, the expo-’Z.-Q. Fang, D. C. Look, J. Jasinski, M. Benamara, Z. Liliental-Weber, and
; ; R. J. Molnar, Appl. Phys. Let{Z8, 332(2002J.

nential ClraraCter of our trans.len.ts suggests tha.t abho.ve 87k‘&’l. Shalish, L. Kronik, G. Segal, Y. Rosenwaks, Y. Shapira, U. Tisch, and J.
GaN yellow and red CL emissions observed in this WOrk' sazman, Phys. Rev. B9, 9748(1999.
could be related to transitions from the conduction band t3°m. A. Reshchikov, M. H. Zhang, J. Cui, P. Visconti, F. Yun, and H.
deep acceptors. Morkog, Mater. Res. Soc. Symp. Prag39, G6.7(2007).

. . .20 ) )
In summary, deep-level transitions in GaN layers of dif- g.gggomas, J. J. Hopfield, and W. M. Augustyniak, Phys. Ré@ A202
ferent thicknesses have been assessed by TRCL. The comay_a Reshchikov, R. J. Molnar, and H. MorkoMater. Res. Soc. Symp.

plex nature of the yellow emission observed in the thinner Proc.680E E5.6.1(2001.

Downloaded 11 Oct 2013 to 147.96.14.16. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions



