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Abstract. Threading dislocations (TDs) in (AlLIn,Ga)N semiconductors are known to affect the
luminescence efficiency of near-band-edge (NBE) emissions in bulk films and quantum structures.
However, the principal role of point defects such as vacancies on the luminescent properties has not
been fully understood. In this article, impacts of point defects on the luminescence quantum efficiency
of NBE emissions and on the intensity of deep emission bands will be described, based on the results
of steady-state and time-resolved photoluminescence (TRPL) and positron  annihilation
measurements. The room temperature nonradiative lifetime (twr) of the NBE excitonic
photoluminescence (PL) peak in polar (0001) and (000-1) , nonpolar (11-20) and (10-10), and
zincblende (001) GaN layers prepared by various growth techniques was shown to increase with the
decrease in concentration or size of Ga vacancies (Vg,) and with the decrease in gross concentration of
point defects including complexes, leading to an increase in the NBE PL intensity. As the edge TD
density decreased, the concentration or size of Vg, tended to decrease and tngr tended to increase.
However, there existed remarkable exceptions. The results indicate that the nonradiative
recombination process is governed not by single point defects, but by certain defects introduced with
the incorporation of V., such as Vge-defect complexes. Similar relations were found in AlyGaiN
alloy films grown by metalorganic vapor phase epitaxy: L. e. Tng at room temperature increased with
the decrease in the concentration of cation vacancies (Vm) and with the decrease in gross
concentration of point defects. In addition to nonradiative processes, the Vi concentration was found
to correlate with the intensity ratio of characteristic deep emission band to the NBE emission
(Jdeep/IngE). For example, lgeep/nnE 8t low temperature for the deep emission bands at 4.6, 3.8, and 3.1
eV of AIN epilayers grown by NHs-source molecular beam epitaxy had a linear correlation with the
concentration or size of Al vacancies (V). Since the relative intensities of 3.1 eV and 3.8 eV bands
increased remarkably with lowering the supply ratio of NH; to Al (V/III ratio) and growth temperature
(T,), they were assigned to originate from Vai-O as well as Va-shallow donor complexes. The Va
concentration could be decreased by adjusting the V/III ratio and Ty. In the case of AlxGaixN alloys,
the concentration or size of Vin and Jyeep/Ivme at 300 K increased simultaneously with the increase in x
up to approximately 0.7. Similar to the case for GaN and AIN, the deep emission band was assigned as
being due to the emission involving Vp-O complexes.

Introduction

GaN and related group-IT1 nitride alloys [1,2] are providing enormous practical benefits in producing
blue and green light emitting diodes (LEDs) for multicolour displays and traffic signals, white LEDs
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for solid-state lighting, and 400 nm laser diodes (LDs) for high density optical storage. The bandgap
energies of these materials are 0.65 eV for InN, 3.43 eV for GaN, and 6.04 eV for AIN at room
temperature. Therefore, (ALIn,Ga)N alloys are promising materials for realization of light emitters
and detectors operating in the infrared to deep ultraviolet (UV) wavelength regions. However, due to
the lack of lattice-matched or homoepitaxial substrates, (AlIn,Ga)N heterostructure LEDs have
largely been fabricated on the (0001) ¢-plane of AlOs substrates. Because of the lattice mismatch
between the base GaN layer and the ALO; substrate (Aafa = 16 %), the GaN films usually contain a
high density of structural defects such as threading dislocations (TDs) and stacking faults (SFs). For
example, the TD density (TDD) in LED structures has been revealed to be as high as 10°-10" em™
[3], which is six orders of magnitude higher than that in conventional AlGaAs (red) or AllnGaP
(amber) LED films.

An important but frequently overlooked fact is that all commercially available high efficiency blue,
green, and white light-emitting diodes (LEDs) and purple (400 nm) laser diodes (LDs) {1,2] use
InGaN quantum wells (QWs), not GaN or AlGaN alloys, since excitons localized [4] at In-rich
quantum nanoclusters [4-7] or at -In-N- bonds [8-12] in InGaN exhibit high quantum efficiency (n)
even though the TDD is as high [3] as 10% em™. We note that there exist plenty of other explanations
on this fact [13-25] and the matter is still under debate [1 1,12}

Apart from In-containing materials, high quality GaN and AlGaN alloys of reduced nonradiative
recombination center (NRC) density are indispensable to realize UV LEDs and LDs. In addition to
extended defects such as TDs and SFs, there naturally exist microscopic ones such as point defects
[27-34], complexes, and impurities (O, C, and §i) in (ALIn,Ga)N crystals. Although it is not yet clear
whether TDs themselves act as NRCs, TDs are often assigned to the origin of NRCs [26]. Indeed, the
NRC concentration in GaN was shown to have a fairly good correlation with the TDD [1 1,12,351.
However, because GaN of low TDD often exhibits low internal quantum efficiency (i) [11]uptoa
few percent, the relation between the nonradiative luminescence lifetime (txr) and the point defect
density must be compared. Here we note that 1in at 300 K. is approximated as the spectrally integrated
photoluminescence (PL) intensity at 300 K divided by that at 8 K [(300K) / pr(8K)] [36] in the
weak excitation regime (a few W/ecm?) throughout this article, where the relaxation efficiency toward
the radiative near-band-edge (NBE) states is assumed to be nearly independent on temperature.

In this article, the impact of point defects on 1y of the NBE emissions and on the intensity ratio of
characteristic deep emission bands to the NBE emission (Jgeep/hse) 0of GaN, AN, and AlGaN alloys
will be reviewed, based on the results of steady-state and time-resolved photoluminescence (TRPL)
and positron annihilation measurements [37,38]. In-containing alloys are excluded, because they
exhibit characteristic emission properties originating from -In-N- bonds [11,12].

Experimental Procedures and General Resulfs

Samples. To elucidate the atomistic origin of NRCs, GaN films and crystals having a variety of TDD
were prepared to study the relation between g and point defect density [35]. They were (i)
80-pm-thick free-standing undoped (0001) GaN grown by metalorganic vapor phase epitaxy
(MOVPE) using lateral epitaxial overgrowth (LEQO) technique on a (0001) Al,O; substrate followed
by polishing away the substrate (abbreviated by 'bulk GaN") [39], (i) 1~5-pm-thick undoped (0001)
Ga-polar GaN grown by MOVPE on (0001) ALO; [uid +c(1) and 'wid +c(5)7 [40.41], (ii)
0.7-pm-thick unintentionally O-doped (5x10'* em™) (000-1) N-polar GaN grown by MOVPE on
(0001) ALO; [wid -¢7 [41], (iv) Si-doped 2-pm-thick (0001) GaN on (0001) ALO; [31,35]
[Si-dope(1.6E18), Si-dope(1.9E18), and Si-dope(2.2E18), with doping concentrations in
parentheses], (v) 1-um-thick unintentionally O-doped (=10"® cm™) cubic (001) GaN grown by
MOVPE on (001) GaAs with or without AlGaN/GaN superlattice buffer layer ['ZB(no SLY and
'ZB(SLY] [42], (vi) 1-um-thick unintentionally O-doped (001) GaN grown by N, rf-plasma-assisted
molecular-beam epitaxy (MBE) on (001) 3C-SiC with AIN/GaN multiple buffer layer [ZB(MBE)']




iMiaterials Science Forum Vol. 590 235

[35] , (vii) 15~16-pm-thick undoped (11-20) GaN grown by halide vapor phase epitaxy (HVPE) on
(10-12) AlO; with or without LEO-GaN base ['¢-GaN(LEQO) and 'a¢-GaN'] [43], and (viii)
free-standing unintentionally O-doped >10" em>) (10-10) GaN- grown by HVPE on LIAIO,
followed by delamination ['m-GaN(FS)'] [35]. The TDD of these samples was varied between 10° and
10'% em™ [35]. ,

Approximately 0.7~1-um-thick AIN epilayers were grown by ammonia source molecular-beam
epitaxy (NHs;-MBE) [44] on a 2-pm-thick GaN epitaxial template layer prepared by MOVPE on a
(0001) ALO; substrate. Filtered 99.999%-pure NH; and 99.9999%-pure metallic Al were used as the
sources. The growth was initiated with a deposition of an AIN interlayer (IL-AIN) [45], which was
10~20-nm-thick AIN deposited at 270°C followed by an annealing at 900°C in NH; ambient. Then,
AIN epilayers were grown at 890 and 970 °C. The supply ratio of NH; to Al (V/III ratio) was varied
between 60 and 433 by varying the beam equivalent pressure (BEP) of NH; (1.8x107 to 1.3x10 Pa)
with a fixed BEP of Al (2.2x107° Pa). The IL-AIN had two major roles. One is to prevent the GaN
template from decomposing during the heating prior to the growth. Another role is to coordinate the
in-plane lattice mismatch between AIN and GaN (3.3%) at an early stage of the growth. As a result,
the present AIN epilayers did not exhibit macroscopic or microscopic cracks, and the epilayers had
little strain. No noticeable change was found in the surface atomic force microscopy images of all the
samples. However, the full-width at half maximum (FWHM) value of the asymmetric (10-12) AIN
diffraction peak of the x-ray rocking curve (XRC) (Awi¢-12)) was influenced by the V/III ratio. For
example, A®go.12) took the smallest value for the sample grown with V/III=150, and the value
significantly increased for V/III=60. The TDD having edge components was estimated from the
Awyi0-12) values [46] to be in the range between 10" and 10" ecm™.

Approximately 1-um-thick nearly strain-free (0001) Al,Ga,..N films [47] were grown by MOVPE
on an Al ¢3Gag 37N low-temperature nucleation layer (NL) on (0001) ALLO; substrate. The TDD was
approximately 10°-10" em™.

Steady-State and Time-Resclved Photoluminescence Measurements. Steady-state NBE
photoluminescence (PL) of the samples having the bandgap energy lower than 3.6 eV was excited by
the 325.0 nm line of a cw He-Cd laser. For the higher bandgap films, PL was excited by an
approximately 100 fs pulse of a frequency doubled or tripled mode-locked ALO3:Ti laser (Spectra
Physics, Tsunami 3940 and GWU-23FS), of which the wavelength A was chosen between 240 and
380 nm to selectively excite each film
of interest. The repetition rate and

excitati.on density were 80 MHz and ‘ ’ ) 20‘0 T~
approximately 200 nl/em? per pulse, ™ 293K -
respectively. In both cases, ‘é’
phase-sensitive detection was carried : 3 bulk GaN (475ps) -
out using a mechanical chopper driven 5 F T~ ]
at a few hundred Hz to acquire the PL T a-GaN (LEO)
signal. Z T« 7B (SL)

TRPL signal was collected using a 8 r T ::uid +¢(5) 3
standard  streak-camera  acquisition = i ’\ AN 29ps) m-GaN (F5) ;
technique (Hamamatsu, C4334-01). . \ﬁ a-GaN .

The excitation source was the same ,S} stem L},S <MBE> L
ALO3Ti laser. Representative 0.0 0.5 1.0 1.5 2.0
normalized TRPL signals for the NBE Time (ns)

emission peak in GaN films and an

AlossGagesN alloy film at 293K are  Fig. 1. Representative normalized TRPL signals of the variety
summarized in Fig. 1. Because the of GaN samples and AlyssGag N alloy film at 293 K. The
black line denoted by ‘system’ represents the system response

samples exhibited different decay rates
 (after Refs. [11,12,35, 47]).
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with non-identical decay shapes, which can be fitted by a single- or a double-exponential function, the
effective PL lifetime (Tppe) Was introduced to compare the recombination processes taking place in
different samples. The value of Tpy eq is defined [11] as the time after excitation when -

[ 1@yt | [ 1y 1)

becomes 1-1/e, where I(f) is the intensity at time ¢ and i, is defined as the time when /(fj) becomes
0.011(0). Values of tpp e for bulk GaN and Alg35GaoesN alloy samples are displayed in Fig. 1. The
effective radiative lifetime (tres) and effective nonradiative lifetime (Tnres) at room temperature
were deduced from the experimental values of tpr e and M using the relations

1 1 1
= +
Trrer  Trer TaRes 2

and

L 3)

nint = .
1+ TRef
TNR eff’

Monoenergetic Positron Annihilation Measurements. Positron annihilation is a unique method for
the direct detection of point defects in a condensed matter [28,31,37,38]. When a positron is
implanted into condensed matter, it annihilates with a surrounding electron and emits two 511 keV y
rays according to E=mc’, where E is energy, m the mass, and ¢ the speed of the light. The y rays are
broadened due to the momentum component of the annihilating positron-electron pair. Since the
momentum  distribution of electrons around

negatively-charged or neutral vacancy defects is (a) 0.3189 (b)

. . . nm

smaller in defect-free regions, the defects can be . o 0 2 e 0
detected by measuring the Doppler broadening '

spectra of the annihilation y rays. The resulting
change in the y ray spectra is characterized by the
S parameter [28,31,37,38], which represents the
fraction of annihilating positron-electron pairs of
small momentum distribution. Since cation
vacancies (V) and their complexes have negative

£

5

charges and form acceptor-type defects in n-type GaN

(ALln,Ga)N [27,32,34], they are the most

probable [28,31] candidates of positron trapping p@SﬁﬁI’mﬁ
centers. Therefore, S increases with the increase in

concentration or size of Vi and Vg-complexes. - & Ga
Schematic illustrations of a positron in defect-free [1120] ¢ N

region and a positron trapped by a negatively EEE@@]

charged Ga vacancie (Vg,) in GaN are shown in

Figs. 2(a) and 2(b), respectively. Fig. 2. Schematic representations of a positron (a)
For multilayer structures, the characteristic S freely diffusing in defect-free regions and (b)

value and positron diffusion length (L.) in each trapped by negatively charged Ve, in GaN. For

laver can be determined by usi onoe tic simplicity, four atomic planes parallel to the
yere Inec by using a monoenerget m-plane {10-10} are drawn (after Refs. [11,12]).
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positron beam [38], by which the mean implantation depth of positrons can be adjusted. The analysis
[28,31,38,48] involves solving the diffusion equation of positrons using the initial implantation
profile as a function of positron acceleration energy E, as described below.-Here, L. can be used as 5
measure of the gross concentration of positron trapping centers and scattering centers, because both of
them decrease L: [11,12,31,35]. The trapping centers are Vi and Vi-complexes and the scattering
centers are positively-charged and neutral point defects such as [34] N vacancies P, group-IiI
interstitials I77;, and complexes. We note that this argument is applicable for condensed matter that
does not contain particular (exotic) positron trapping centers.

A monoenergetic positron beam line [31] was used to measure the Doppler broadening spectra of
annihilation radiation as a function of E. For each value of E, a y-ray spectrum with 5x10° total counts
was measured. The S parameter was defined as the number of annihilation events for the energy range
511£0.76 keV over the total counts. The S-E relation was analyzed using the algorithm named
VEPFIT, a computer program developed by van Veen ef a/.{48] The one dimensional diffusion model
of positrons is expressed by [38]

2

D, f;z‘ n(2) =K (2)(z) + P(2,E) =, )

where D, is the diffusion coefficient of positrons, n(z) the probability density of positrons at a distance
z from the surface, K s(2) the effective escape rate of positrons from the diffusion process, and P(z,E)
the implantation profile of positrons. The diffusion length of positrons L.(z) is given by

L,(2) =D, [x; (2. ®)

In the fitting procedure, the region probed by positrons was divided into two or three blocks, namely
the (AL Ga)N layer, the GaN template, and the substrate if they were present. Under these conditions,
VEPFIT was used to determine the fraction of positrons annihilated in each block and the
corresponding § parameter. The S-E curve was fitted to the following equation:

S(E)=S,F,(E)+ Y SF(E), ()
Mean implantation depth of positrons for GaN (um)
where Fy(E) is the fraction of positrons 0 0.1 03 05 07 1.0
annihilated at the surface and Fi(E) is the ! ' ' ' i
fraction of positrons annihilated in the ith
block [Fy(EY*ZF(E) =1], and Ss and S; are
the S parameters of the surface and in the
ith block, respectively. The analytical
procedures used in this study were similar
to those described in Ref. [31].

side  AlysGageN b

a-GaN
¥ m-GaN (FS)]

S Parameter
<
~
N

S-E curves for free-standing bulk 0.44
c-plane GaN, 1-um-thick nearly strain-free S
c-plane Aly35GagesN / ALOs, and several 0.42 . — T
GaN samples are shown in Fig. 3. The 0 5 10 15 20 25 30

mean implantation depth of positrons Positron energy (keV)

calculated for GaN is given on the upper
horizontal axis. For bulk GaN, § Fig. 3. Doppler broadening S parameter at room

. i N
approached a constant value at high £ (>10 temperature for the representative GaN and Alg3sG80.65

AP . ; 1 functi i leration energy £
keV), which indicates that in this energy ?gf%przlsagso; unction of positron acce
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range, almost all positrons annihilate in the bulk region without diffusing back to the surface. The
increase in S at low E (=0 keV) is due to the annihilation of positrons and positronium atoms at the
surface. The thin solid curve is the fitting result, and L;-and S were determined to be 5122 am and
0.4401+0.0001, respectively [31]. This S value was defined as~a characteristic S value for the
positron-electron pairs annihilating in defect-free regions (Sgee) in bulk GaN [see Fig. 2(a)]. Similarly,
S and L values particular to other GaN and AlGaN films were determined: S was obtained for £>15
keV for g-GaN and m-GaN (FS) and 5 keV<E<10 keV for uid -c and Alg3sGagesN. Note that the
decrease in S for high E (>15 keV) in uid -c and AlGaN is due to the annihilation of positrons in the
Al,Os substrate, which has a different (low) St value.

Results and Discussion

GaN study. Values of Tpr s at 293 K of the GaN samples are plotted in Fig. 4(a) as a function of edge
component TDD. We note that the samples represented by closed symbols in Figs. 4-6 were

unintentionally doped with O, as evidenced by 1019 : : ; g
secondary-ion mass spectrometry (SIMS). L~ (D) A = 6 & 4
Although the experimental data are not shown, r?g 1017 £ v 1
the steady-state PL intensity naturally L o -
increased with increasing tpp e according to = 1015 F..9. | , i .
the relation given by Eq. 3, where Trerr iS ~ 75}

constant for three-dimensional (3D) GaN. The g sob e e
value of 7TpLes tended to increase with e

decreasing TDD. However, there were ~ 25 Si-dope ¥ 4

remarkable exceptions such as m-GaN(FS) and
uid -c; correlation between Tpres and TDD
was incomplete. Hence, microscopic point
defects in the materials were jnvestigated by
the positron annihilation technique.

Values of § and L, of GaN samples obtained (a)
from the monoenergetic positron annihilation
measurements are shown in Figs. 4(b) and 4(c)

0 ®) 1 (2.2E18)
(1.9E18)
(1.6E18)

\O
>
@

«
edad o 4, B

S Parameter
©
e
wh

T T ¥ T T T

|

ZB(no SL)

/
:

@

a L
as a function of TDD, respectively. The bulk \a:; 102 Z 2 N 4
GaN exhibited the smallest § being 0.4401 and = ol 8 = e ~ T 5 vﬁ_
the longest [39] TpLes being 475 ps, and the © 2 Tz; r ¥ Z 2 % %
sample has been identified [31] to have 20 v_g o cé =N F
characteristic S for the annihilation of positrons oSt it s N
from the defect-free (Vg~free) bulk state (Sgee). 105 108 107 108 10° 10 NA
As shown, S of the Si-doped GaN increased TDD (cm™)

with increasing electron density » [Fig. 4(d}},

although the data points were limited [31]. The
increase in S is explained by the decrease in
formation energy of Va, due to the upward shift
of Fermi level (Fermi level effect) [27,29].

It can be seen from Fig. 4(b) that & seems to
increase with increasing TDD, though several
exceptions existed. This may have two
reasons; one is the creation of Vg, around the
TDs due to the strain clusters. The other is that
TDs act a$ negatively charged acceptor-type
defects like Vg, Wright and co-workers

Fig. 4. (a) Effective PL lifetime (tp.s) of the room
temperature NBE PL decay, (b) Doppler broadening
S parameter of the annihilating ywrays of
positron-electron pairs, (¢) positron diffusion length
Ly, and (d) electron density » in GaN samples as a
function of TDD having edge component. Solid lines
are guide to the eye. The horizontal label N. A. for ZB
samples means "not analyzed", since the edge .
dislocations and SFs in ZB GaN are not identical to
TDs in wurtzite materials. Samples plotted by closed
symbols were unintentionally doped with O. The
same symbols are used in Figs. 5 and 6 (after Ref.

(35D
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s

T —==1  [29,30] have calculated the formation energies of
@bulk GaN ] . . N °
0.028 £ 4 point defects in the vieinity of TDs, and concluded
a—GaN uxd +¢ (5) 3 ] ) X
L LEO)N 78 (SL) i that the TD core structure would change depending
0026 (?zé%ol%e%\ 1 - onthe Fermi level and growth stoichiometry, so that
g v a 9E18) '"‘GE‘N (ES) the Vg, formation energy became quite high under
g. F(2- 2}318) ¢ ZB (n0 5L) 1 Ga-rich conditions for n-type GaN growth. Therefore
& 0024 ¢ a-GaN 1 the defect species should be identified before
S : P ZB (MBE) comparing Sor L and 7t
- uid +¢ (1) \ b wid< paring + PLeff:
0022 b Ve I 3 Fig. 5§ shows the relationship between S and W,
’ L Y Gﬂ:o The (S, W) plots of the samples represented by open
0.44 0.45 0.46 0.47 Symbols align on the straight line [28,31] denoted by
S Parameter "Vsa". According to Saarinen ef ¢l. [28] and Uedono

Fig. 5. The S-W relationship for the GaN

samples. Two solid lines with arrows repres
the annihilation modes of positrons at

ent

@

defect-free and Vg, (the line denoted by "Vg,")
and (i) defect-free and Vg,-O complexes

("Vsa-O" line) (after Ref. [35]).

et al. [31], Vg, is the major point defect that can be
detected by positrons, and the line is considered to
stay on the tie-line between the annihilation mode of
positrons in defect-free state (Sgee, Wiee) and that in
trapped state for Ve (Svce, Wraa) [31]. On the other
hand, the (S, W) plots of the samples represented by
closed symbols and bulk GaN align on another

straight line denoted by "Vg,~O", which has been assigned to the line connecting (Stee, Weee) and
trapped state for Vg,-O complexes (Syca-0, Wrce-0) [31]. Indeed, low temperature growth of ZB GaN
and N-polar growth of (000-1) GaN introduced O in the epilayers [31,42], and the use of thermally
unstable LiAlO, substrate may cause O diffusion from the substrate [49]. These samples exhibited a
relatively strong yellow luminescence (YL) band (orange for ZB ones [42]), whose origin has been

reported to be Vg,-O [27,50].

As discussed for Figs. 4(b) and 4(c), the relation between S and TDD and that between L+ and TDD
exhibited remarkable exceptions. Hence relations between tnr esr derived from 1y and tpp s using
Eqgs. 2 and 3 for the NBE PL peak and S (tnres-S relation) and between tnr e and Ly (tngesLo
relation) in GalN are presented in Figs. 6(a) and 6(b), respectively [11,12,35]. In Fig. 6(a), the Shee

value of GaN (0.4401) [31] is indicated
by the arrow on the upper horizontal
axis. As shown by the thick lines in Figs.
6(a) and 6(b), Tnresr increased with the
decrease in S (reduction in the density of
negatively charged defects related to
Voe) and with the increase in L.
(reduction in  gross density of
positively-charged, negatively-charged,
and neutral point defects). Although the

TR, off (PS)

LS&« of GaN

3 YT T T
10
a—GaN (LEO) (@) 1(b) bx&GaN .

0 o
uid +c¢ (5)

data are not shown, PL intensity uid +¢ (1
naturally increased with increasing a-GaN 4~

R . i ; ZB (no SL)
TNReff, DECAUSE Tr ofr i8S basically constant y R A ;
in all GaN films. Because 1nges does 044 045 046 0470 20 40 60 80
not have a perfect correlation with TDD S Parameter L, (nm)

or growth orientations, the dominant
parameter that limits Tnr e and thereby
Nint 8t 300 K is considered to be the gross
concentration of point defects, which are
incorporated with Vg, and may be
localized around TDs. Certain defect
complexes involving Vg, (Vge=X) are the

(inverse of gross

size or concentration of V . .
€ 6) point defect concentration)

Fig. 6. (a) tnr.esS and (b) T oL+ relations for the NBE PL
peak at 300 K in 3D GaN samples having a variety of TDD,
orientations, and 7. The Sg.. value of GaN (0.4401 {31]) is
indicated by the arrow on the upper horizontal axis in (a)
(after Refs. [11,12,35]).
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most probable unique identity of NRCs in GaN [11,12,35]. Here we should mention that TRPL
measurements were carried out by monitoring the NBE PL peak, and therefore g o includes both
the real tngesr and the carrier relaxation time to deep levels such as Vg, or- Vg-O complexes.
Apparently, they are known as radiative defects, which are the origin of YL band [27,28], but they
surely reduce the experimental tpy, . However, there exist other Vga-related NRCs stated above, since
g efe OF the samples that do not exhibit YL band also obeys the tendency shown in Fig. 6. Because
TR et~ and TN e-Lo+ relations can be approximated by the straight lines for a variety of GaN samples,
the lines in Fig. 6 can be treated as 'universal scaling lines for GaN, regardless of crystal orientation or
symmetry.

AIN study. Recently, a 210 nm electroluminescence (EL) was demonstrated from an AIN p-i-n
homojunction LED at room temperature [51]. However, its external quantum efficiency (rjex) was
extremely low (107 %). One of the reasons for this is the presence of high-density NRCs. Indeed, AIN
suffers from difficulties in growing high quality crystals due to the high melting temperature (~3487
K) [52] and the absence of large-area lattice-matched substrates: the TDD in AIN epitaxial films
grown by MOVPE on (0001) AlOs substrates is generally 10 - 10" em™ [53]. In addition, AIN
epilayers often exhibit characteristic deep emission bands in the energy range between 3 and 5 eV
[54-57]. They are invoked to be similar to the YL band in GaN, and to be donor-acceptor pair (DAP)
recombinations associated with Al vacancies (V) [55,56] and/or defect complexes composed of Py
and oxygen (Va-Q) [54,56,57], although direct proof for the presence of V4 and correlation between
the deep band intensity and Vs concentration have not been given yet. Because Vg, in GaN have been
shown [35] to form NRCs in a form of Fg,-X complexes, where X is unknown, impacts of Va;
incorporation on the emission properties and the dependence of the Vs concentration on the growth
parameters must be elucidated.

In this section, results of low-temperature cathodoluminescence (CL) and monoenergetic positron
annihilation measurements on AIN epilayers described in the Samples section above are shown to
correlate the relative intensities of the deep CL bands and concentrations of O and Va.

A series of CL spectra of the AIN epilayers [44] normalized to the NBE peak intensity at 11 K are
shown in Fig. 7. CL was excited with an electron beam operated at 3.5 kV with the emission current
density of 1.5 x107 A/em® at sample. The emission was dispersed by a 67-cm-focal length grating
monochromator, and phase-sensitive detection W

. . . avelength (nm)
synchronized to the beam blanking was carried 600 500 40 300 200

out using a GaAs:Cs photomultiplier and a o) Saanas : . =

solar-blind detector. All the samples exhibited 5 [ 1IK VAIL --+ 60 (T,=890°C) 3

an NBE excitonic emission peak around 6 eV, 2 s ----150 (Tg=890:C) ]

of which details are discussed later. The < F s 1‘ V - 150 (T=970°C) £ ]

samples grown under low V/III ratio or low T, *E’ E S i T 433 (1,7890°C)

bf)th of which corre§pf)nd to an insuff.'lc%ent g ~ i'!f 38 e'{/;\_\‘ 46 eV ]

nitrogen supply, exhibited additional distinct = F/ S

deep emission bands at 4.6, 3.8, and 3.1 eV. A 5 ot

spectral broadening of the NBE peak was also g  §

found for the sample grown under the lowest ;:.2

V/Hratio (60). The relative intensities of these g -

bands over the NBE emission, I sev, /3 gev, and E 2 3 4 6
Photon Energy (eV)

30y, rtespectively, showed an essential

decrease with the increase in V/Ill ratio and T, Fig. 7. Normalized CL spectra measured at 11 K of

as shown in Eig: 8(a). . AIN epilayers grown under various supply ratios of

These emission bands have been invoked NH; to Al (V/III ratios) and T,. The epilayers were
as DAP recombinations associated with Vs grown on (0001) GaN/ ALQO; epitaxial templates using
[57] and/or Va-O complexes [55-57]. For an AIN interlayer (IL-AIN) deposited at low

example, a broad luminescence band at temperature (after Ref. [44]).
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4~4.5eV in  AIN crystals with high O e
concentrations (1~10x10" cm?) has been & (@) ' 25( ©):890 9704
assigned [56] to a DAP emission involving Val - é PG 113 % . 3"“". A 8|
30y" complexes. Theoretical calculations have - E é - I"M : z
predicted the presence of such defects in AIN ¢ = & A
[58.59]. Luminescence bands around 3.5 and 4 eV ° § 1k A 3
have been assigned [55] to DAP recombinations § ¢
involving a shallow donor and a deep acceptor, the 2 E
latter being attributed to Vil and VAI-complexesz'. 0.1 ©) © t =
On the other hand, the emissions at 4.6, 3.8, and & 047507 & 1
3.1 eV have been assigned to originate from Vay, ‘«8‘:
Si-related DX center, and O-related DX center, £ 0470F Py ]
respectively [57]. ™ @Tg=890°C

These previous assignments are qualitatively 2 O | oTg=970°C
consistent with the present results. Since the 0.465 160 41000
variation of I ¢y with V/III ratio and T resembles R

V/II Ratio

that of § parameter (relative concentration of Va

and/or Vs-complexes), as shown in Figs. 8(a) and  p. ¢ o 1riencity ratios of the deep CL bands at
8(b), the band at 4.6 eV is assigned to originate 46 33 and3.1eV to the NBE emission at 11 K of
from Va. On the other hand, because iev and  AIN epilayers as functions of V/III ratio and 7. (b)
L gev showed stronger variations with the changes  Doppler broadening S parameter, which is a
in V/II and T, they would have another measure of the concentration (or size) of Vay, of the
component in addition to Va. As their relative AIN epilayers as functions of V/III ratio and Ty
intensities greatly increased with the decrease in (after Ref. [44]).

V/II ratio and 7y O is one of the probable

elements: the increase in V/III ratio (increase in BEP of NHs) would reduce O incorporation through
the competitive incorporation into the group-V sublattice, and high T, would also reduce the

incorporation of volatile O atoms.
It should be noted that the § parameter of the

5 Wavelength (nm) samples grown with V/III = 150 was the smallest,
15 210 205 200 195 .
T T . . =y presumably because the surface stoichiometry was
;é%i;‘ﬁf;wc s i3 HK maintained: the increase in V/III may turn it into
" TDD=1 6x10%m® i I N-rich growth condition and the decrease in V/III may
6.030eV g g‘f EE give rise to donor (O) incorporation, which results in
= 6022V L i 3*3 the formation of Va; due to the Fermi-level effect [59].
- Pooon Esgr @ 4 As TDD in the present samples exhibited positive
] 1LO 6.081eV correlations with 5 ev, sy and S, TDs may

incorporate O and Vi According to Nam ef al. [55],
the electron energy of the Vai™ level is approximately
0.5 eV higher than the (Varcomplex)”  level.
Therefore, the bands at 3.8 eV and 3.1 eV might be
assigned as being due to the emissions associated with
(VAI-complex)z"—O and Va>-O, respectively. Judging
3 from the large FWHM of the bands, they seem to form
POK ] DX centers.
57 58 59 60 61 62 63 64 As a result of the decrease in Va (and O)
Photon Energy (eV) concentration, AIN epilayers exhibiting negligible
deep level emissions were obtained, as shown in Fig. 7.
Fig. 9. High resolution NBE CL spectra of the ~ Since defect complexes composed of cation vacancies
AIN epilayer as a function of temperature. The (Vm-X) act as NRCs in GaN and AlGaN [11,12,35],
inset shows the NBE spectrum at 11 K (linear 7\ % might act as NRCs in AIN. Indeed, the NBE
y-axis) (after Ref. [44]). emission intensity at room temperature of the samples

~|—6 22eV

CL Intensity (arb. units)
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grown with V/IIL = 150 (T, = 970°C and 870°C) was greatly improved. High-resolution CL spectra of
the sample grown with V/III = 433 and T, = 890°C are shown in Fig. 9 as a function of measurement
temperature. Inset shows the NBE spectrum at 11 K (linear y-axis). As shown,.the spectrum at L1 K
exhibited two peaks at 6.022 and 6.030 eV, two shoulders at 6.045 and 6.081 eV, and a broad peak at
around 6.22 eV. Because the peaks at 6.022 and 6.030 ¢V showed faster thermal quenching than the
shoulder at 6.045 eV, they are assigned to the recombinations of excitons bound to neutral donors (D,
X). Silveira et al. [60] have determined the energies of free excitons as 6.029, 6.243, and 6.268 ¢V for
A-, B-, and C-excitons, respectively, from low temperature optical reflectance spectrum of AIN
single crystals. According to the first-principles calculation of the band structure, Li ef al. [61] have
determined the energy separations between A- and B-excitons (213 meV) and B- and C-excitons (13
meV). Since the emissions at 6.045 eV and 6.22 eV became dominant except for LO phonon replicas
as temperature was increased, they are assigned to the recombinations of free A-excitons and free B-
and C-excitons, respectively. A slight blueshift of the A-exciton peak from 6.029 eV [60]1t06.045 eV
is due to the compressive stress in our AIN / GaN / ALO; epilayer [62], which was confirmed by
x-ray diffraction measurements. The shoulder at 6.081 eV is assigned to the recombination of the
first-excited state of an A-exciton [63]. From the energy separation between the ground and first
excited states, the binding energy of A-exciton is determined to be 48 meV. We note that an emission
peak originating from the first excited state of an A-exciton was observed from the film having TDD
as high as 1.6x10'° cm™, because the A-exciton Bohr radius in AIN is as small as 1.9 nm.

AlGaN alloy fitms. In order to expand the operation wavelength of LEDs and LDs into UV regions,
research efforts are being made for the growth of device quality AlGaiN alloys. However, 1 of
AlGaN alloys is still worse than that of InGaN alloys, and the threshold power density to observe the
stimulated emission has been reported to increase with increasing x [64]. Therefore, it is important to
investigate what dominates the low 1. While a number of papers have been published on steady-state
optical properties of AlGaN epitaxial films, few reported results have been available on the emission
dynamics in AlGaN films [47,65,66]. In addition, the role of point defects on the nonradiative
processes and the formation of deep levels has not been disclosed yet. In this section, results of
steady-state and time-resolved PL of nearly strain-free AliGaixN alloys were compared with the
results of positron annihilation measurements to - : ;

elucidate the roles of point defects. Al Ga, N
PL or CL spectra of 3D Al,Gai.N alloy films 300 K 3
are summarized in Fig. 10. The TDD of the samples was 300K

of the order of 10" ecm™. As shown, the samples
exhibited an NBE emission and a characteristic deep
emission band, and the intensity of the latter increased
with x up to 0.75. Values of niy at 300 K for the NBE
emission of the films are plotted as a function of AIN
molar fraction x in Fig. 11(a). For comparison,
corresponding values for 3D GaN films with a variety
of TDDs, growth polar directions, orientations, and
background electron concentrations are represented by
a rectangle on the vertical axis. The values of Tur efr and !
TR efr Tor the NBE emission at 293 K obtained from Minc J"‘{\’/ :
and Tprcfr using Egs. 2 and 3 are plotted in Figs. 11(b)
and 11(c), respectively. It is found from Fig. 11 that
TnReft Stays 'mearly’ cor.xstant 'but TRoff increas.es (and Fig. 10. PL or CL specira of nearly
hence M decreases) with an increase in x. This result 20 free AlLGay,N films measured at 300
suggests the presence of certain bound states [47] or K. They were grown on (0001) ALOs
carrier reservoirs that act as trapping state and/or a  substrates using an AlgeGagsN NL layer
decrease in oscillator strength with increasing x [67]. (after Ref. [47]).

PL/CL Intensity (arb. units)

Photon Energy (eV)
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Fig. 11. Values of (a) spectrally-integrated
PL intensity of the NBE emission peak at
300 X divided by that at 8 K [/p(300K) /
I (8K)], which is representative of 1y [36],
(b) Tar et and (¢) Tgesr for the NBE emission
of 3D AL GaN films as a function of x. For
comparison, corresponding values for 3D
GaN films with a variety of TDDs, growth
polar directions, orientations, and electron
concentrations are shown by rectangles on
the vertical axis (after Refs. [11,12]).

defective. It should be noted that the
formation energy of Vy in AIN [33] (and
in AlGaN) is lower that that of Vg, in
GaN [32,34]. Therefore, the nonradiative
recombination rate through Vs -X defects
in AlyGa; 4N is considered to increase
with x.

The spectrally-integrated intensities of
the deep emission bands over that of the
NBE emission, Zyep/Zivge (see Fig. 10)
in the ALGa;,N films are shown as a
function of x in Fig. 13(a). As shown,
2l geep/ZInpr increased with x and showed
a maximum around x=0.75. On the
analogy of GaN and AIN, influences of
Vm were investigated using
monoenergetic  positron  annihilation
measurements: values of § and L, are
plotted in Figs. 13(b) and 13(c) as a
function of x, respectively. For

As is the case with GaN (Fig. 6), Tnrer=S and
Tnrote-L+ relations for the AlGa, N alloy films (x=0.35,
0.45, 0.52) at 300 K are plotted in Fig. 12(a)and 12(b),
respectively, in which the universal scaling lines drawn
for GaN [11,12,35] are represented by the grey lines. In
Fig. 12(a), the Swee value of GaN (0.4401) [31] is
indicated by the arrow on the upper horizontal axis. The
Stee value of AIN is yet unknown. However, it must be
smaller than 0.4614 [47]. Dannefaer et al. [68] have
found a linear relation between the S parameter and », in
most of III-V semiconductors, where 7, is the radius of
free-electron gas and

3 -1

v, =n

s val »

%

where n., is the density of valence electrons as based on
all available volume. Since the lattice parameter of AIN
is close to that of GaN and the number of valence
electrons is exactly the same in both compounds, the g
value of AIN (0.86) is very close to that of GaN (0.88).
Therefore, defect-free AIN is considered to have a
characteristic S value similar to that of bulk defect-free
GaN. Since the St reflects the chemical composition of
the alloy, the S parameter of the defect-free AlyGaixIN
lattice is also considered to be approximately the same as
the value in GalN (0.44). The result that the data for
AlyGa 4N aligned on the bottom portions of the Tyg es-S
and Tnpe-L+ lines of GaN indicates that NRCs in
AlGaN and GaN films have similar origins. From the
large S, short L+, and short twg e values, AlGaN films
having TDD of the order of 10'° cm™ are confirmed to be

| She O GaN AIGaN films, 300K
3T T T — T T ¥ T
¥ @10
: CF
z % &
B102F B 3 &
A . §
Fl e r
: AlGaN ;
@% 052 — T
| AR
x=045 "]
10 1 L ] ] i ] ) ) r
044 046 048 0 20 40 60 80

L, (am)
(inverse of gross
point defect concentration)

S Parameter
(size or concentration of Vi )

Fig. 12. (a) Tarex=S and (b) Tar oL+ relations for the NBE
PL peak at 300 K in 3D Al,Ga;N films. The universal
lines drawn for a variety of GaN samples are represented
by thick grey lines. The Sgee value of GaN (0.4401 [31])is
indicated by the arrow on the upper horizontal axis in (2)
(after Refs. [11,12,35]).
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comparison, corresponding values for the GalN films 10

containing different Vg, concentrations are plotted on 103 F @) o ]

the vertical axis (x=0). The values §20.44 and L.=51 wi oo b R

nm denoted by "undoped (LEO)" correspond to those SRR . @ & ALG N ;

N . . A XMy

of the annihilation of positrons in nearly Vg.-free GaN =~ 3 10t 1

background [31]. As described in the previous section, 3 100 b ]

Stee of AIN and AlGaN may be similar to that of GaN 14,GaN ‘ ' ‘

being 0.44. Therefore, the increase in S in AlGaN 10°F E

alloys shown in Fig. 13(b) indicates the increase in 047+ (b) B

size/density of ¥y defects. Obviously, the S value has & . ¢ alca N

the maximum around x=0.7, which may reflect the  E 046 T R ]

increase in the mixing entropy in AlGaN alloys. Since g ge“;:gi‘fe)

the variation of Zleep/ZIngg With x resembles that of S, “ 045 % 1

the bands are assigned to originate from Vi Because b Sidoped T~ after

the formation energy of V4 in AIN is lower than that 0.44 QUndoped (LEO) | o ReE35

of Vg, in GaN [27,29,34,59] and the peak energies of of © / i

the deep bands in AlGaN are close to thatofthe 3.1eV = neowe ¢50)

band in AIN, as recognized from Figs. 7 and 10, the = %‘n‘é‘z}ijé

deep bands may be mostly related to ¥4-O complexes = 20 (defective) B

rather than Vg, ones. 0 P : : F
It has been proposed that O forms a DX center, 0002 04 06 08 10

which is a complex defect level composed of a certain xin Al Ga, N

donor and other components, in AlGa.N alloys
[69-71] especially for x>0.3 [70]. Since O is the most ~ Fig. 13. (2) Specirally-integrated intensities of
probable impurity during the MOVPE growth of the deep emission bands over that ofthe NBE

. : emission, Llueey/ZIvee, (b) S parameter, and
AlGaN films at relatively low T, formation of DX (©) L. of ALGa,N films (closed characters)
centers is probable, which may elongate Trer of the  as a function of x. Corresponding values for
NBE emission. Indeed, the O concentration in the the GaN films containing different Vo,
Alos3Gags7N was quantified by secondary-ion mass concentrations are plotted on the vertical axis
spectroscopy fo be 1107 em? [47]. It is also (x=0) for comparison (after Ref.s. [31,47]).
interesting to note from Figs. 13(b) and 13(c) that
AlGaiN films having x nearly 0.7 exhibited the maximum § and L+. The result is opposite to the
case for GaN, where the increase of S accompanied the decrease in L+, as recognized from Figs. 4(b)
and 4(c). The latter result is reasonable, since the increase in S means the increase in Via
concentration and the decrease of L+ means the increase in the gross concentration of Vg, and positron
scattering centers. However, the increase in S induced the increase in L. in the present AlyGayN. The
result indicates that the Vi concentration increases with x up to 0.7, but the total concentration of
positron scattering centers decreases simultaneously. This can be explained by an effective
neutralization of positively-charged positron scattering centers (interstitials and ionized donors) by
the introduction of V. Then, the formation of Viy-Oy, Vir-Sin, or Viu-Xi may be enhanced with
increasing x. Since the change in Tr ¢ With x exhibited similar trend as that of Vi concentration, these
Vir-related complexes are possible origins of the carrier reservoir acting as trapping states.

Summary

The principal roles of cation vacancies on the luminescent properties of GaN, AIN, and AlGaN alloys
were investigated using TRPL and positron annihilation measurements. The origin of NRCs in GaN
is proposed to be certain complexes involving Vg, such as Ve,-X, from the universal scaling lines
established in tnr-S and Tnr-L+ relations for a variety of GaN films. Similar relations were found for
AlLGa; N alloy films: i. e. txr at room temperature increased with the decrease in the concentration
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of cation vacancies (Vi) and with the decrease in gross concentration of point defects. In addition to
the nonradiative process, the Vi concentration was found to correlate with the relative intensity of
characteristic deep emission bands in (Al,Ga)N. For example, from the relations between S and W
parameters for nearly oxygen-free and oxygen-containing GaN films, YL in GaN is assigned to
originate from Vg,-O complexes. Similarly, the deep emission bands at 3.1 and 3.8 ¢V in AIN films
are assigned to originate from Va1-O as well as Vj-shallow donor complexes. A similar conclusion is
also drawn for AlyGa.N alloy films. From the relations among the relative intensity, S parameter,
and growth conditions, the deep emission band at 4.5 eV in AIN is assigned to originate from Va. We
note that Va1 concentration could be decreased by adjusting the V/III ratio and 7T, indicating that
stoichiometry maintenance is one of the potential protocols to reduce the vacancy-defect
concentration in (Al,Ga)N.
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