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Time-resolved cathodoluminescen€ERCL) and photocurrenf{PC) spectroscopies have been
applied to the study of the yellow band of Si-doped GaN. Measurements carried out combining both
techniques unambiguously reveal the complex nature of this broad emission and confirm that
different deep defect levels are involved in the observed luminescence. Five emission bands
centered at 1.89, 2.03, 2.16, 2.29, and 2.38 eV were found by steady state and time-resolved CL
investigations, while PC spectra showed four transitions at about 2.01, 2.14, 2.28, and 2.43 eV. The
behavior of the deep-level emissions intensity as a function of the excitation pulse width as well as
their decay times were investigated by TRCL. A decay time of 245vas measured for the 2.29

eV emission band, while longer decay times of 315 and @4Qvere found, respectively, for the

2.16 and 2.38 eV bands, in agreement with TRCL spectra. The appearance of the 2.03, 2.16, 2.29
eV and 2.38-2.43 eV peaks both in PC and CL spectra suggests that these bands are related to deep
acceptor to band transitions, as supported by the single exponential character of the corresponding
decay transients. @003 American Institute of Physic§DOI: 10.1063/1.1592296

I. INTRODUCTION and decay times reported in different studies suggest that
several bands involving different defects could contribute to
During recent years much effort has been devoted to thenis emission®—12
study of gallium nitridg(GaN) and related compounds due to Various spectroscopic techniques have been applied to
their multiple applications in optoelectronic devices andthe study of gap states in GaN. Among these, cathodolumi-
high-power/high-temperature electronics. However, the roléiescencgCL) in the scanning electron microscop8EM)
of defects controlling the electrical and luminescence prophas been frequently used to obtain information on the spatial
erties of these materials is still not fully understood. This isdistribution of the different emission bands and their associa-
especially the case for deep level defects. In particular, &on to point and extended defects, e.g., Refs. 12—-15. Elec-
broad emission centered at about 2.2-2.3 eV, known as theon beam excitation usually leads to light emission by all
yellow band, is frequently observed in GaN films grown by mechanisms of radiative recombination present in a semicon-
different methods. Yellow luminescence has been suggesteductor, while PL is a much more selective technique. Several
to be detrimental for GaN-based optoelectronic devices sincgvestigations concerning the recombination kinetics of GaN
it represents a competing recombination path that reduces thefect centers have been carried out by time-resolved
intensity of the near-band gap emission. The origin of thisp| 5891 Time-resolved cathodoluminescentERCL) ex-
band remains unclear and different models, including transiperiments represent a very powerful tool to gain information
tions from a shallow donor or the conduction band to a deepn charge carrier lifetimes and to distinguish different cap-
acceptor, *from a shallow donor to a deep dortaand from  ture processes by separate measurements of the transient be-
a deep donor to a shallow acceptdrave been proposed to havior of the various bands of luminescence spectrum. Prin-
explain that emission. Whether this band is related to a poingiples and applications of TRCL are described in Ref. 17.
defect or to a distribution of states inside the dapstill an  Another spectroscopic technique, spectrally resolved photo-
open question. The microscopic origin of the defects resporcurrent(PC), has also been recently applied to the study of
sible for the yellow band is also under discussion and a contrapping processes in Ga%°As compared with CL, which
cluding relation between such emission and the extended dgrovides evidence of radiative internal and band-to-level
fects has not been established yet. Moreoveriransitions, PC allows detection of radiative and nonradiative
photoluminescencéPL) decay times have been measured bylevel-to-band and band-to-band transitions.
different research groups for the yellow band range from 1 |n this work, the capabilities of TRCL spectroscopy
ms to less than 1 ms>° Variations in peak position, shape, combined with the high sensitivity of the PC technique have
been used to investigate the yellow band in Si-doped GaN.
Author to whom correspondence should be addressed; electronic maif?Ur Mmeasurements unambiguously reveal that this broad
cdiazgue@fis.ucm.es emission is actually composed of several bands with peak
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energies extending in the green and red ranges of the visible . T T . T T T3 1000
spectra. The decay time of each component has been deter
mined by TRCL. Comparison of CL and PC spectra indicates »
that some of the observed emissions are due to deep levels t(€
band transitions or transitions involving deep levels and very 4
shallow levels with a maximum depth on the order of the
thermal energy.

PC Intensity (pA)

Il. EXPERIMENT

CL Intensity (arl

Si-doped GaN, 2um thick, grown by molecular beam
epitaxy (MBE) on sapphire was investigated in this work.
Schottky diodes 200 A thick were formed by gold evapora-
tion, while ohmic contacts were prepared using soldered in-
dium. Room temperature capacitance—voltage and Hall mea-
surements indicate a free carrier concentrationnef?7 T . . . . . .
x 10" cm™2 and a mobility ofu,=177 cnt/Vs. (b)

CL observations were carried out in a Hitachi S-2500
SEM. Measurements were performed at accelerating volt- :
ages ranging from 5 to 20 kV and temperatures between 85
and 295 K. The experimental conditions were carefully es-
tablished to avoid undesired electron beam irradiation ef-
fects. Steady state CL spectra were acquired using a charge
coupled device camera with a built-in spectrograph
(Hamamatsu PMA-D1providing a spectral resolution of 1
nm. In order to perform time-resolved measurements, a pe- B
riodic beam was generated using a graphite chopper and |-~ ’ o
beam-blanking electronics consisting of a HP 8131A func- 6 18 20 22 24 26 s
tion generator and a HP 6204B power supply. To record CL
spectra at different delay times, the signal from a photomul-
tiplier was collected by a boxcar integrat@®AR162 trig- FIG. 1. (8 Room temperature PC spectrugsolid line, log. scalg and
gered by the pulse generator, and then fed to a comgseer steady state CL spectrufh5 kV, 5 nA, dotted !inazof a Si-doped GaN film.
Ref. 20 for further detail)s The time resolution of the TRCL (b) Detail of the same spectra showing the different deep level related peaks.
setup is about 100 ns, while the spectral resolution is 2 nm.

Time-resolved CL spectra were measured at delay times ) , )
ranging from 500 ns to 5 ms with time windows between goticular, a Iqw current density favored a h|gh(_er rath of th_e
ns and 50Qus. The decay transients of the different CL emis-Y&llow luminescence to near-band edge emission intensity,
sions and their intensity behavior as a function of the exciWhich agrees with previous CL observations performed in
8422 Therefore, in order to enhance

tation pulse width were monitored with the aid of a digital Undoped GaN thin film ,
oscilloscope. the yellow band emission, the CL measurements presented in

Spectral photocurrent analyses were carried out at roorf!iS Work were carried out using low beam currefit nA)
temperature. A white light source was focused on the en® DY defocusing the SEM electron beam.
trance slit of a monochromator. From the exit slit the mono- ~ Reépresentative PC and CL spectra obtained at room tem-

chromatic beam was chopped at a 3-5 Hz frequency anBerature are shown in Fig(d. In addition to the band gap

focused onto the semitransparent Schottky barriers. The siRxcitation, the PC spectrum shows four other resolved peaks

width was 500um, providing a spectral resolution of 2 nm. centered at 2.43, 2.28, 2.14 and 2.01 eV. Besides the near-

No external bias was applied, so that charge collection wa@nd gap emission centered at 3.39 eV, the CL spectrum
achieved by the built-in electric field of the Schottky junc- ShOWs an intense broad yellow band centered near 2.16 eV.
tion. The light wavelength was changed from 300 to 620 nm! "€ complex nature of this emission can be better appreci-
(4.1-2.0 eV and the corresponding photocurrent signal wast€d in Fig. 1b), showing two well-resolved peaks at about
collected by a lock-in amplifier. CL and PC spectra were2-29 and 2.16 eV, plus other shoulders, respe_ctlvely, centered
corrected for the optical response of the systems used. at about 1.89,_2.0_3 and 2.38 eV. The correlation between the
peaks appearing in the low energy range of the PC spectrum

and those appearing in the CL spectrum is evident.

It should be mentioned that these peaks cannot be as-

CL microscopy investigations revealed quite a homoge<ribed to the microcavity effect related to the GaN—vacuum
neous luminescence distribution. Contrast observed in parand GaN—sapphire interface that sometimes affects PL
chromatic images was very similar to that observed in monoexperiment$® The mentioned set of bands was found in CL
chromatic CL micrographs. On the other hand, CL spectrapectra collected under various excitation conditions, both in
were found to depend on beam excitation conditions. In parplanar and cross-section configuration, although slight differ-

1.6 2.0 24 2.8 3.2 3.6 4.0
Photon Energy (eV)

units)

PC Intensity (pA)

CL Intensity (arb

Photon Energy (eV)

Ill. RESULTS
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FIG. 4. CL intensity of the observed deep level related emissions as a
FIG. 2. Comparison of room temperature CL spe¢ta kV, 5 nA) from a function of the excitation pulse widthT(=87 K). The electron beam accel-
Si-doped GaN film obtained in planar vie@golid line) and cross-section ~ erating voltage used is 15 kV and the beam current 5 nA.
(dashed lingconfiguration. The same emission bands appear in both spectra
regardless of the geometry of the measurement.

quenching of the latter bands was observed above 150 K.

. . . . The yellow luminescence—centered at about 2.26 eV at this
ences were observed in the relative intensities of such eMiSamperature—dominates the overall emission. Al the deep

sions depending on the position considered. Figure 2 Sho"‘fﬁlvel bands observed at room temperature are also found at
that the same CL bands are observed, regardless_ of the ggs K, showing a slight intensity increase. Some of the emis-
ometry of the measurement. TRCL results, that will be pre;. -« involved in the yellow band were resolved by TRCL
sented in the following, confirm that the peaks appearing irHue to their different decay timéEig. 3). In particular, spec-

our CL spectra actually correspond to emission bands and ke, recorded at delay times longer than approximat’elypﬂ@O

not I(;gusedgbyhoptmal ||nterference effe;:ti. L show a strong decrease of the 2.29 eV band that allows us to
igure 3 shows a low temperatuf@7 K) spectrum clearly resolve the 2.38 eV emission. No shift of the ob-

of a Si-doped GaN film. Near-band gap emission band; ar€arved bands was found by increasing delay time.
observed at 3.477 and 3.410 eV. The peak at 3.477 eVis due  ,qitional information on the deep-level traps can be

to donor-bound excitons while the 3.410 eV peak has beeBbtained by observation of the onset of CL and its kinetics.

attributed to excitons bound to extended defétt®ther l:igure4 represents the CL intensity of each of the emissions

pea_lgs csnterer:j ”at 36286’ 3.195 and nez; 3.10 eV usuali¥yoived in the yellow band as a function of the electron
attri ?te _to_bsl a 0\;]v qn;)r-acceptorf pr ) tranS|t|_:_)rTs, eam excitation pulse length. The experimental data are well
are also visible in the violet range of the spectrum. Thermag,, by the following empirical law:

leL=l1—exp(—t/7)], €y
R wherel ¢ represents the CL intensity in the quasisteady state
—— Steady State and r;—the key parameter providing information on the trap
---- Delay time:1 ms filling kinetics—is the time for the CL intensity to reach a

factor (1-1/e) ofl;. Results obtained after fitting our data
to Eq. (1) are presented in Table I. It is worth noting that a
steady state condition is not reached for any of the observed
emissions with pulses shorter than about 430

In order to extract information about the corresponding
decay times, CL transients recorded at the peak energies of
the bands observed in steady state and TRCL spectra were
analyzed. These transients are well described by single ex-
ponential decays. Table Il summarizes the results obtained at

CL Intensity (arb. units)

1J.6 1I.8 2I_0 21'2 2.I4 21.6 2.I8 3.'0 3.'2 3"4 3.'6 TABLE |. Fitting parameters to EqJ) for the different CL emissions ob-

served in the Si-doped GaN investigat 87 K).
Photon Energy (eV) P gaIEHETIo

o Energy(eV) 2.38 2.29 2.16 2.03 1.96
FIG. 3. CL spectra recorded at 87 #5 kV, 5 nA). The solid line corre-

sponds to a spectrum recorded under steady state conditions while thdg, (arb. unitg 28+1 23+1 39+2 302 14+1
dashed line corresponds to a time-resolved spectrum recorded for a delay  7; (us) 144+5 1775 168+5 160+5 188+ 6
time of 1 ms and a 5@s time window.
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TABLE Il. Decay times measured at 87 K for the GaN:Si deep level CL shallow donor levels cannot be ruled out only on the basis of
emissions after excitation with a s pulse. the obtained PC and CL spectra. We will further address this
Energy(eV) 238 299 216 203 106  Pboint when analyzing the CL transient decays.

Decay time(us)  340+5 245t5 315t5 295+5 2805 CL emissions have been observed in this work not only
in the yellow range of the visible spectrum but also in the
green and red ranges. Regarding the green range, the close
peak energies of the bands found by (.38 e\j) and PC

2.43 eV}, respectively, suggest that the same deep level
‘ould be involved in both transitions. Green luminescence

All the measured decay times lie in the“10s range. The centered at about 2.35 eV has been previously observed in

shorter decay time corresponds to the 2.29 eV emissiog. 4 i .
band, while longer decay times are observed for the 2.16 an%I doped” and undopet? GaN films by time-resolved PL

2.38 eV bands, as would be expected from the TRCL Specs_pectroscopy. Decay times of 3.ms aJF 5(.) K anq abqut;ﬁﬂo .
trum shown in Fig. 3. at 100 K were mea§ured for this emission. Elther in the_S|_—
doped samples or in the undoped films, this characteristic
time was found to be much longer than the decay time cor-
IV. DISCUSSION responding to the yellow luminescence200 us) observed
Our CL measurements confirm the coexistence of sevcentered near 2.25 eV. These results are in good agreement
eral emissions in the so-called yellow band of GaN:Si, whichwith our TRCL spectra showing a 2.38 eV band as the domi-
indicates that great care should be taken when discussing tfi@nt emission for delay times above 408 (Fig. 3). The
characteristics and temporal behavior of this luminescencgature of the CL emission detected in the red range of the
due to its complex nature. As stated in the Introduction secvisible spectrum at about 1.89 eV is difficult to ascertain.
tion, an electronic transition gives rise to a peak in a PCThe intensity of this band is nearly independent of tempera-
spectrum if charge carriers involved in the process reach thiéire up to 295 K. Such temperature behavior is similar to that
conduction or the valence band. A transition between twsshown by the red PL recently observed at about 1.92 eV in
levels can be detected by PC only if the energy separatiofi-doped GaN grown by hydride vapor phase epitéxghis
between at least one of the levels and a band is lower tha@mission was attributed t& g related defects bound to
the thermal energy. Simultaneous appearance of part of trg§ructural imperfections, which are also expected to occur in
mentioned components in PC and CL specfa. 1) indi- thin films grown over mismatched sapphire substrates.
cates then that such emissions are related to deep level to Transient decay times measured for the yellow band by
band transitions or to transitions involving deep levels andlifferent research groups in time-resolved PL investigations
very shallow levels with a maximum depth on the order ofare controversial. Hoffmanret al®> and Korotkov, Resh-
the thermal energy25 meV in our case chikov, and Wesselsreported nonexponential decay of the
Present day views generally agree in the acceptor chayellow luminescence in the range 16-1C° us and ex-
acter of some of the deep levels involved in the GaN yellowplained their results in the frame of the Thomas—Hopffeld
luminescence, being gallium vacanciéésf) and its com- model for distant DAP recombination. On the contrary, very
plexes with oxygen or carbon are often suggested candidatéast decays below 1 ns were found by other autharsd
for these levelé:2® The influence of nitrogen vacancies on explained by a strong contribution of free-to-bound transi-
the yellow emission has been also reporéd. tions. In the present study, exponential decays with charac-
The existence of shallow acceptorsnistype GaN, with  teristic times of a few hundreds @fs were measured for all
binding energies of 85 and 115 meV, was recentlythe deep level emissions appearing in the GaN:Si investi-
proposed,’ this proposal agreeing with previous theoretical gated(Table 1I), although it should be mentioned that obser-
calculations’® However, acceptor levels intype GaN with  vation of possible radiative transitions with decay times
energies lower than 25 meV have been neither experimerewer than 100 ns is hindered by experimental constraints.
tally observed nor theoretically predicted. Thus, if the peakdNevertheless, even taking into account the time resolution of
simultaneously observed in PC and CL spectra were relatetthe experimental setup used, our CL observations are, in
to transitions involving deep acceptors and very shallow levprinciple, not in agreement with the Thomas—Hopfield DAP
els, the latter should be donors. Dominant donors at roomecombination theory/ According to this model, the radia-
temperature in undoped GaN are Si and O. Oxygen bindingive recombination rate depends on the donor and acceptor
energies between 32 and 34 meV are usually reported in theeparation. In particular, lifetimes of holes bounded to accep-
literature?®=3! On the contrary, there is a higher dispersiontor levels will be much longer for distant pairs than for close
for Si energies reported by different authors. Some investiones. This implies a wide distribution of instantaneous decay
gations reveal a binding energy (¥9—31) meV in undoped times, usually extending from the ns to the ms rang#.
sampleg 3L while according to other experiments the posi- Hence, if the transition considered is of the DAP type, the
tion of the Si donor level in GaN:Si band gap lays 22 meVcorresponding luminescence decay transient will not be fitted
below the conduction bartt:**The existence of donors with by a single exponential curve. The single exponential char-
binding energies lower than 25 meV—probably linked toacter of the CL decay transients measured in this work indi-
intrinsic defects—has been also reported in GaN Plcates then that the observed emissions do not correspond to
investigations? Hence, the possibility of these PC and CL DAP transitions but to transitions involving deep levels and
bands being due to transitions involving deep levels and verthe conduction band. In view of the present results, some

87 K after excitation with a 2Qus electron pulse for the five
deep level related emissions present in our Si-doped Ga
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models previously proposed to explain the origin of the yel-315 and 340us are respectively observed for the 2.16 and
low band, based on different kinds of DAP transitidh8can  2.38 eV bands, in respectively, agreement with the obtained
then be ruled out. TRCL spectra. Simultaneous appearance of the 2.03, 2.16

The discrepancy between the decay times measured and 2.29 eV peaks in PC and CL spectra suggest that these
this work and those reported for the yellow emission by dif-bands could be related to deep acceptor to band transitions,
ferent authors can be explained considering both the differeras supported by the single exponential character of the cor-
nature of the excitation source and the different experimentalesponding decay transients.
conditions used in our CL measurements and their PL experi-
ments. As is well known, as compared with PL, CL is a
technique which can excite a higher amount of radiative reACKNOWLEDGMENTS
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