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Yellow luminescence and related deep states in undoped GaN
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Photocapacitance spectra in undoped, metal-organic vapor-phase-epitaxy-grown GaN layers, in a range of
photon energies from 0.6 to 3.5 eV, reveal two main persistent features: a broad increase of the capacitance
from 2.0 to 2.5 eV, and a steafecreaseat 1 eV, only observed after a previous light exposure to photon
energies above 2.5 eV. A deep tridf, +1 eV) that captures photoelectrons from the valence band, after being
emptied with photons above 2.5 eV, is proposed as the origin of these features. Optical-current deep-level
transient spectroscopy results also show the presence of a trap at Cabdedthe valence bandnly detected
after light excitation with photon energies above 2.5 eV. A correlation is found between the “yellow band”
luminescence intensity at 2.2 eV and the amplitude of the photocapacitance decrease at 1 eV, pointing to a
deep trap at 1 e\Abovethe valence band as the recombination path for the yellow band. The detection of the
yellow band with below-the-gap photoluminescence excitation supports the proposed model.
[S0163-182607)09307-1

l. INTRODUCTION co-workerd®'#in undoped and Mg-doped GaN, and by Lee
et al’®in undoped and Si-doped GaN up to 530 K, show no
In spite of the achievement of efficient devicasEDs) evidence of the origin of the found traps. Photoemission ca-
out of GaN layers with a high dislocation densi®~10'°  pacitance spectroscopy and optical transmission results by
cm?), the presence of extended and point defects can b&dtz et al.,'® Balagurov and Chorl§ and Yi and Wessel$
detrimental to the device performance. Point defects like V show a variety of optical thresholds ranging from 0.87 to 3.1
and Ga have been proposed as responsible for the high reeV that might support almost any model for the YB. How-
sidual(10'"-10?° cm™®) n-type character of undoped GaN. ever, most of these optical transitions are quite small signals
However, recent calculations by Neugebauer and Van deot well resolved, in some cases just a guéssiaking it
Walle® indicate that individual \ cannot account for the rather difficult to reach clear conclusions.
residualn-type conductivity of GaN. Impurities have been  Related to the YB recombination path, there are several
proposed as another possibility to explain thidype re-  contradictory results in the literature concerning the effects
sidual character, and, indeed, oxygen contamination, eithess - andp-type doping on the intensity of this optical tran-
from the substrate(AIz_Og) or from water vapor, can also  gition. Ogino and Aok showed that Si and O dopinghal-
account for lower resgduai-type levels, since O generates |, n_type) did not affect the YB relative intensity, whereas
shallow donor statet” On the other hand, Galefects are doping seemed to enhance this transition. In Nakamura’s

thought to strongly modify the acceptor doping efficiehcy, et al1® work, an increase of the doping level with Si and Ge

and similar effects are found in Zn compensation behavior .
due to O contaminatiohThe ubiguitous y?ellow bandvB) produced a moderate decrease of the YB amplitude to band-

observed from photoluminescen@@l) at around 2.2 eV, is edge Iuminesc;nce “T"“O.-. Assuming the. shallow dqnor to
detected independently of the substrate and the epitaxiédeep'trap model,no S|gn|f|cant changes |n'the ¥B signal
technique used, with its intensity being more pronounced a?hOUId be expected W|th1-'type doping, since undopgd
room temperature. Galefects acting as double donors haveS@mples are already type, with the deep-trap concentration
been proposed to play a substantial role in the recombinatiof€ing the limiting factor. This argument only applies assum-
path for this transition in undoped G&N8 that would pro- Ing that the deep-trap concentration is not modified by the
ceed from a deefA,) donor statgE.—0.8 eV) to an effec-  doping itself. However, this seems not to be the case re-
tive mass(EM) like acceptof’ An opposite model, by Ported by Zhangt al.?® where Ge doping, or growth under
Ogino and Aoki and Hofmanret al.,'° relates the YB to a Ga-rich conditions, seems to wipe out the YB. When GaN is
recombination path from ahallow donor to a deep donor Pp type doped with Mg, most published works show that the
(acceptor. A similar conclusion was reached by Suski YB intensity decreases, or even disappéais. some cases,
et al'* from PL measurements under hydrostatic pressurea luminescence signal at energies higher than 2.2 eV shows
suggesting the final state to be a deep state of either donor ap, suggesting a different origin than that for the YB in un-
acceptor character. doped GaN.

Deep-level transient spectroscoff)LTS) measurements Since the YB appears in GaN grown by various tech-
by Gdaz etal? in Si-doped GaN, by Hacke and niques, under dissimilar growth conditions and on different
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FIG. 1. Photocapacitance spectra of two typical undofred FIG. 2. Photocapacitance spectra taken after sample illumina-
type) GaN samples. tion at 20 K with different photon energies.

substrategSiC, GaAs, AJOs, lithium gallate, eto, itis sen-  He-closed-cycle cryostat. Photoluminescence was excited

sible to conclude that this luminescence is not related tQyjth the 334-nm(3.71 eV} line of an Ar laser, and detected

impurities and/or contamination, but rather to point defectsyity an UV-enhanced GaAs photomultiplier. DLTS mea-

Cathodoluminescend€L) measurements show that the YB ¢,rements at high temperatures were performed in a specially

intensity is enhanced when increasing the probing depth t03e5igned cryostat working from 77 to 550 K. Pulsed blue and

ward the sqbstratfel.8|m|lar results are obsgrved Whegothe yellow LED’s were used as excitation sources for optical-

GaN layer is excited from the substrate si@@pphire. current DLTS

From these results it seems that the origin of the YB, and its '

intensity changes from sample to sample, might be related to

dislocations and point defects decorating them, and to crystal

morphology differences, respectively. Very recent results l. RESULTS AND DISCUSSION

from PL and CL, by Christianseet al.?? relate the yellow A. Photocapacitance

luminescence to screw dislocations, and an early work by . ,

Pankove and HutchB¥ suggested the damage after ion im- Figure 1 shows typical photocap.ac.nance spectra, taken

plantation as the origin of a PL band centered at 2.15 ev. from 0.6 to 3.5 eV, where small deviations from a pure flat
The aim of this work is to ascertain experimentally thefeésponse will not be taken as meaningful if they are not

model that describes the recombination path of the yelloweproducible and cannot be clearly resolved. There is a first

emission. We present data from photocapacitance spectf@pacitance increase between 2.0 and 2.5 eV, and a signature

showing two clear optical thresholds at 1 and 2.2 eV. Aat 3.3 eV, probably due to transitions from EM residual ac-

correlation between photocapacitance step amplitudes at @eptors located at some 200 meV from the valence band

eV and relative YB intensities measured by PL is estab{VB). The capacitance increase from 2.0 to 2.5(a\thresh-

lished. Capacitance and optical-current DLTS measuremen@d around 2.2 eYwas always observed, although its sharp-

have been performed in the range of 20—-540 K to determingess was sample dependésamplesA andB). The spectra

the thermal activation of deep traps. were taken after cooling the sample down to 20 K in the
dark. Once a thermal equilibrium was reachsteady ca-
Il EXPERIMENT pacitance after 1-h delaya very slow photon energy scéh

h) was performed, with the sample always kept at zero bias.

Undoped wurtzite GaN layers were grown by metal-Correction of the spectra by the system response slightly
organic vapor-phase epitaxy ocroriented sapphire sub- changed the relative amplitudes but not the threshold posi-
strates using TMG and ammorfiaThe overall sample struc- tions. It is worth mentioning that the capacitance, once light
ture was an AIN buffer layek100 A) grown at 1050 °C  excitation (at any photon energywas turned off, was par-
(some samples also incorporated a GaN buffer grown diially recovered by thermal capture reaching a fipadsistent
600 °Q), followed by the active GaN layer grown at 1050 °C. value. This thermal recovery was always quite nonexponen-
Layer thicknesses were between 1 andr8 and the residual tial and very slow.
(n-type) carrier concentratiofHall) ranged from 18 to 10'8 Figure 2 shows several photocapacitance spectra taken at
cm °. Schottky barriers were formed with Au and Pt, 20 K after sample illumination with different photon ener-
whereas Ohmic contacts were formed with Ti/Al. A Boontongies. The measuring process, always at zero bias, was the
7200 capacitance meter and a monochromator Jobin-Yvofollowing: (a) cooling down from room temperatuf®T) to
H25 with a 600-W globafquartz-tungstenlamp were used 20 K in the dark;(b) sample illumination at a given photon
for photoemission capacitance measurements. Band-pass eRergy for 30 min(c) the sample remains in the dark until a
terferential filters were used. Samples were cooled down in aomplete capacitance stabilization is reack@d min), and
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(d) a scan like the ones in Fig. 1 is performed. This proce-

dure was repeated for each scan in Fig. 2. Stg@mas re- 0'14_ o o e
quired because of the strong nonexponential, partial electron® g 12 |.°* G3194 sa7| |
thermal recapturécapacitance decregstaking place once § F 0.08 T=4K ;
the light was turned off, so that the finprsistentcapaci- g 0.10F P =2mW -
tance value was lower. On the other hand, a nonexponentials, 0.08 n 1=334 nm 1
capacitance increase was always found when illuminating> Rey™ i —35—3bs X200

with photon energies indicated in Fig. 2 with arrows, that '@ g g
took more than 30 min to saturate. This behavior, that might ®

indicate the contribution of more than one trap to the photo-£ 0.04
ionization process, is identical to that reported by JohnsorEf 002'

etal? W 329 ]
When excitation photon energies below 2.5 eV are used, g J\__

x500 B

data in Fig. 2 show just a persistent increase of the photoca- L P TR NPT R F——
pacitance, with corresponding amplitudes similar to the ones 18 20 22 24 26 28 30 32 34 36
in Fig. 1. However, for photon energies of 2.8 eV and above, (g) Energy (eV)

an abrupt decrease of the capacitance is observed at 1 eV.
This is a much sharper feature than the positive step at 2.2
eV in Fig. 1, and its amplitude increases with increasing

photon energies. This behavior has been observed in all
samples. 0.025

In an n-type sample, an increase of the capacitance is
associated with an increase of the net positive charge. The
positive steplincrease observed at 2.2 eV in Fig. 1 is inter-
preted in terms of an electron emission to the conduction
band(CB). However, the photocapacitandecreaset 1 eV
corresponds to electron emissifnom the VB to a trap lo-
cated at 1 eV above it. The fact that this step at 1 eV is not
detectable unless the sample is excited with photons above
2.5eV(i.e., atrap aE.—2.5 eV isemptied, points to a trap
located at 1 e\abovethe VB as responsible for both optical
transitions(inset in Fig. 2.

The thermal capture processes taking place after turning
the light off, present at any temperatysyen at R, cannot 0.005 F
be accounted for by residual shallow don@Gamples are
type). The Hall carrier concentration is barely modified from
RT down to 20 K, and the most probable candidates for 0.000
residualn-type conductivity,Vy, Si, or O, have ionization
energies of few tens of meV. There have to be, in addition to

0030 —————————71—

0.020

0.015 A= 458 nm
(2.7 eV)

0.010

PL intensity (arb. units)

1.6 1.8 20 22 24 26

these shallow donors, other electron states, possibly spread (b) Energy (eV)

over a rather wide range of energies, that might explain the L S B e S R
long times required for capacitance stabilization when shin- 357 ¢g ]
ing light as well as once light is turned off. There is actually 3.0 . '2.5 ev | 22evYB . ]
a natural explanation for the origin of these distributed states: __ A . Trap ]
the grain boundaries of polycrystalline, “columnarlike” ‘{3 25}  tev .
GaN layers, and/or extended defects like dislocations. TheT Ve T
presence of grain boundaries with distributed states at th 2'0_' - ’
interface generating a CB potential bending, might explain 2 5} ]
the persistent character of the photocapacitance signature

without the need to involve capture barriers of metastable < 1.0 . " 1
origin. Qiuet al?® suggested the presence of a distribution of T [ ]
states in the gap to account for the photoconductive response ~~ ® "

of undoped GaN to photon energies from 1.5t0 3.0eV. ool u « . o+ . o+ . 4 . o . .
Indeed, the monotonically increasing baseline of the photo- 0.00 0.01 0.02 003 004 005 006 007 008
capacitance in sampk (Fig. 1) from 1 to 3.3 eV might be (¢ AC(1eV)/C,

related to such sample dependent distributed states.

FIG. 3. (8 Typical PL spectrum of the undoped GaN samples.
(b) PL spectra taken under below-the-gap excitation energigs.

Figure 3a) represents a typical PL spectrum of our Correlation between the yellow bart¥B) intensity normalized to
samples, where the donor-bound exciton at 3.47 eV togethéhe near-bandNB) PL signal, and the capacitance amplitude at 1
with the LO-phonon replica can be seen. The YB emissioreV (Fig. 2 normalized to the total capacitance valu@.

B. Photoluminescence
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centered at 2.2 eV is also shown. Figuré)3shows the —

evolution of the YB for excitation energies below the gap. 0.0:_ b) 228V _
Besides a moderate intensity decrease, probably due to a [ ' ]

lower excitation efficiency, there is a clear redshift. Since no [ 1=144ms ]
filters have been used that could distort the spectra, this shift -0.5¢ ‘ ]
might indicate that the broadening of the YB signal is due to < L a) 28eV
emission from several closely spaced traps. (7; 10F .
Figure 3c) shows the experimental correlation found be- 5 A 17 940 mev

tween the YB intensityrelative to the band-edge PL at 3.47 8 sk “."-: o ]
eV), and the capacitance step amplitude at 1(elative to o [ <

the total capacitance valuyen different GaN samples. This [ 15 ]
capacitance amplitude was measured in all cases after light 20r 56 27 58 p

excitation at 3.5 eV. It seems that the trap located at 1 eV A 1000/T (K™
above the VB is also involved in the YB luminescence at 2.2 -2.5300' — ~3é0- — ‘460' — '4éd — 560‘ . 5éo — -660
eV, and the inset in Fig.(8) sketches the proposed model to

explain the recombination path, in which the initial stage can TEMPERATURE (K)

be either the CB or a residual shallow donor. It is also worth ) o o
saying that the measured trap at 1 eV from the VB fits well FIG. 4. Optlcal-cu_rrent DLT$ spectra with light excitations at
with the deep acceptor found by Ogino and Aol860-910 2.2 and 2.8 eV, showing the activation energy of a thermal electron
meV). This model is also consistent with the fact that Wecapture process from the valence band.

observe YB emission by PL with excitation below the band

edge[Fig. 3b)].

The broadening of the YB observed in PL spectra and thaposed that increasing the Mg-doping level generates com-
found in photocapacitance spectfég. 1), from 2.0 to 2.5 pensating deep donors, instead of shifting the Mg acceptor
eV, are analogous. They can be explained either as phonobhinding energy to higher values, and indeed interstitial Mg
assisted transitions through a lattice-coupled trap with and Mg in N sites are predicted to behave as dofibrhiese
zero-phonon line at about 2.5 é\br, most probably, as a results agree with the fact that the Mg acceptor binding en-
multiple emission from several closely spaced trapsishift  ergy, derived from Hall measuremefitsand admittance
in Fig. 3(b)]. However, the capacitance decrease observed &pectroscopif keeps constarit=160 me\} regardless of the
1 eV is a rather sharp feature. This would mean that thigjoping level. If the YB recombination path involves point
transition involves a single trap with no phonon interaction.qefects, a change in stoichiometry due to heavy Mg doping
Both views can be conciliated, within the proposed model, if.5, avoid the formation of these point defets well as
we assume that the capture of electrons fromthe VB at 1 e romote the formation of new ondsthus explaining the

takes place for the trap which exhibits the largest optica trong differences observed in the YB “signature” of
capture cross section among the closel_y spaced traps. Thel.?amples with high Mg doping levels. Given the rich phenom-
also mlfghthexplam V(\/th th)e photocapacnkatr;ce doesbnot Oleénology observed in heavy Mg-doped samples, a cautious
crease further at 1 eWFig. 2). A recent work by Neugebauer . ) :

and Van de Wall& suggested th¥ s, and related complexes approafch tg the(}(B F;'ror?tllenc]i adwstes notto ITI"X it up with the
as the deep acceptors responsible for the YB. They als§@Se Of undoped or fightly opguitype samples.

; ; Going back to the undoped case, the model above
pointed out that complexes liké; O andV s donor gener- X ) )
ate close deep acceptor states in the raGnage of 0.9-1.1 efescribelt” hardly explains thata) the YB is observed from

These results fit very well with the proposed picture of thePL excited with energies below the gaj) no DLTS elec-

YB as originated by several closely spaced deep accept(SFon thermal e_mission, with acti\_/ation energ_ie; around 1 eV,
states is observed in samples showing YB emissisee Sec.

The work by Kennediet al® and Glaseet al” suggested Il C); and (c) the YB intensity seems not to increase with
‘moderatep-type doping(we remark that the work of Ogino
and Aok? is the only one, to our knowledge, that shows a
dependence of the YB intensity on the C doping lgvdbw-
ever, if the YB recombination proceeds from a shallow do-
nor state to a deep trafE.—2.5 eV) generated by point
defects then PL spectra excited at energies equal or larger
than the trap deptt2.5 eV) should show the YB emission as

like acceptor, in undoped and lightfy-type doped samples.
When p-type doping with Mg is increased, some reports in-
dicate that the low-temperature donor-to-acceptor (E24P)
signal, formerly at some 250 meV below the band-edge Iu

minescence, shifts to lower energies, being replaced by L .
broadband peaking at some 2.8 &#° However, other a consequence of the trap photoionization through an effi-

works show the DAP signal still present at around 3.2 eveient single-step process. In a_ddition, thes‘? deep raps being
(Refs. 6, 7, and 30-3dn samples with high Mg levels. In generated by point defe(_:ts, little effect might be expected
parallel, the yellow band is either non detectddler re- ~ [TOM moderatep-type doping.

placed by a nonsymmetric and weak signal that is no longer
centered at 2.2 e¥ In this last case, the above model for
the yellow banft” implies the shift of the deep-donor state,
as well as the deepening of the acceptor state, or the genera- The essence of the optical-current DLTS technique is to
tion of acceptor-related deep trapsLeroux et al®® pro-  perform a DLTS processing of the current signal of a GaN

C. DLTS measurements
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0 50 100 150 200 250 300 reported in the literatur®~1* but, in our case, their small

0.6 ————————————— concentration and sample dependence rule out any relation-
] ship with the YB emission. We remark that the photocapaci-
05L T=28ms ‘ 066ev | tance decrease at 1 g¥ig. 2) has been obsprved in gll our
samples. DLTS performed in Pt-Schottky diodes at high tem-
a)w/\ peratures shows no detectable signatufég. 5(c)] up to
04 . 540 K. Leeet al® recently published DLTS data up to 530

K where a peak corresponding to an activation energy of
1.6+0.3 eV was shown. As the authors commented, this
value, derived from an Arrhenius plot of just two points, has
to be taken cautiously. We have also found in one sample
b) T (Au-Schottky a DLTS signal that increases steadily from
300 to 540 K. This single result might be either a real tran-
T=8ms sition or an artifact due to a progressive decrease of the diode
x 25 turn-on voltage with temperature, allowing the current flow

L © |
through the capacitance meter even for forward pulse volt-
1 ages as low as 200 mV.

0.44 eV

I
w
T
i

I T=28ms '

DLTS SIGNAL (pF)
o =)
- [N

0.0}
A simple estimation of emission rates for the temperature
01} - range covered in our experimer(®00-540 K, assuming a
T SR R capture cross section 06&L.0™*° cn? (a mean value for most
300 340 380 420 460 500 540 traps reportetf!9, predicts that electron traps with activa-

tion energies between 0.7 and 1.2 eV should be observable
TEMP
ERATURE (K) by DLTS if present These estimations, consistent with the

FIG. 5. DLTS spectra showing several electron emission pro-faCt that no optical transitions to the CB have been detected

cesses, sample dependent. A flat response from 300 to 540 K is ald this range (Fig. 1)'. Cf”mnOt support the recombination
observed. model for the YB emission that assumes the presence of a

deep donor between 0.7 and 1 eV below the %¢B.

sample between two Ohmic contacts. A pulsed light source
(LED) illuminates the sample, that is kept under 5-V bias.
When the light pulse is off, the current decay is analyzed by

the DLTS system. If no thermal process is involved, the ppgiocapacitance spectroscopy measurements reveal a
current decay will not be temperature dependent, and a flafap |ocated at 1 eV above the VB that accounts for the
DLTS signal will be recorded. However, if the light pulse gptical transitions observed. The correlation found between
ph0t0|0n|ze_s a trap which is able to thermally cap_ture electhe photocapacitance step amplitude at 1 eV, and the yellow
trons at a given temperature, the current decay will be tempanq intensity, points to this trap as responsible for the YB
perature dependent, and a DLTS signal will show up. recombination path in undoped GaN. Optical-current DLTS
Optical-current DLTS spectra in Fig. 4 show a flat re- measurements confirm the presence of this trap, the energies
sponse when light excitation is below 2.5 eV. However, gjnyolved being in very good agreement with a previous
clear peak is observed for light pulses of 2.8 @lue Nichia  \york9 DLTS spectra show no traces of electron emission
LED), that corresponds to a thermal process with an activaggm traps to the CB in the range of 0.7-1.2 eV. These
tion energy of 940 meV measured at around 35@ifSet in  regylts back the model for the YB emission that involves a
Fig. 4. The strong similarity with data in Fig. 2, in terms of ghaliow donor(or CB) and a deep stat@ither donorlike or
photon energy dependence, suggests that this thermal prgeceptorlike. The detection of the YB emission from PL
cess involves the trap located at 1 eV above the(MBetin  gycited with below-the-gap energies gives further support to
Fig. 2). Once the photon energy is high enough to photoionyhis model, and the observed redshift suggests the existence
ize this trap(energy above 2.5 gl a thermal electron cap- of several closely spaced states. This picture is in very good
ture takes place via the VEhole emissiopif the temperature  5greement with recent calculations by Neugebauer and Van
is adequate. This electron capture will modify the currentye Wwallé” that point toV, and related complexes as deep
transient as a function of the temperature. For pulses Wit'&cceptors responsible for the YB.
photon energies below 2.5 eV, there is no photoionization of
this trap, and no thermal capture takes place. The activation
energy of 940 meV is consistent with the values obtained

. SUMMARY

from our photocapacitance experiments, and it really fits to ACKNOWLEDGMENTS
the values given by Ogino and AdKor the thermal quench-
ing of the yellow band860—910 meY. We wish to thank E. Monroy and A. Montes for their

Capacitance DLTS measurements, from 20 to 540 Kassistance in DLTS measurements. We also thank M. Leroux
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Depending on the sample, electron traps with activation enby CICYT TIC IN94-0039 and TIC95-0770 projects, and by
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