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Deep ultravioletsUVd photoluminescencesPLd spectroscopy has been employed to study deep
impurity transitions in AlxGa1−xN s0øxø1d epilayers. Two groups of deep impurity transitions
were observed, which are assigned to the recombination between shallow donors and two different
deep level acceptors involving cation vacanciessVcationd andVcation complexes in AlxGa1−xN alloys.
These acceptor levels are pinned to two different energy levels common to AlxGa1−xN alloys s0
øxø1d. The deep impurity transitions related withVcation complexes were observed in AlxGa1−xN
alloys betweenx=0 and 1, while those related withVcation were only observed in AlxGa1−xN alloys
betweenx=0.58 and 1. This points out to the fact that the formation ofVcation is more favorable in
Al-rich AlGaN alloys, whileVcationcomplexes can be formed in the whole range ofx between 0 and
1. The implications of our findings to the UV optoelectronic devices using AlGaN alloys are also
discussed. ©2005 American Institute of Physics. fDOI: 10.1063/1.1943489g

With the tremendous progress of III-nitridesR & D in
terms of both fundamental understanding as well as devices
applications, AlN becomes more critical for the further un-
derstanding of AlGaN alloys and for III-nitride device
development.1 Recently, AlGaN alloys, particularly Al rich
AlGaN alloys have attracted much interest due to their ap-
plications in solid-state UV light sources for bioagent detec-
tion as well as general lighting.2,3 The yellow linesYL d with
emission energy at around 2.15 eV is the dominant impurity
transition in GaN in many cases. The material quality of
GaN is strongly correlated with the YL intensity. The YL in
GaN is commonly attributed to a donor-to-acceptor pair
sDAPd transition between a shallow donor and a deep accep-
tor whose origin is related with Ga vacancysVGad or VGa

complexes in GaN.4–6 For AlN, a broad violet linesVL d
around 3.40 eV is often observed and believed to be related
with Al vacancysVAld or VAl complexes, analogous to the YL
in GaN.6 Understanding impurity transitions in AlGaN alloys
is very important for improving the fundamental understand-
ing of material as well as device performance, since the pres-
ence of strong impurity transitions is detrimental to optoelec-
tronic devices using AlGaN epilayers.

In this letter, we report the results of impurity transitions
involving VAl and VAl complexes in AlxGa1−xN epilayers
grown on sapphire substrates by metalorganic chemical va-
por depositionsMOCVDd. In many cases, two groups of
deep impurity transitions were observed in both undoped and
Si-doped AlxGa1−xN epilayers. These emission lines are as-
signed to the recombination between a shallow donor and
two different deep acceptors, based on the results of spectral
peak positions, temperature dependence, and decay lifetime
measurements. The deep acceptors involved here have been
identified as isolated cation vacancies that are three-
negatively charged statessVcationd3− and Vcation complexes
that are two-negatively charged statessVcation-complexd2− in
Al xGa1−xN alloys. The YL in GaN has been observed and
discussed as a special case of a group of impurity transition
in AlGaN alloys. This observation is important in two as-
pects. First, we can better understand the origin of the YL

with additional information from AlGaN alloys. Second and
more importantly, it also helps us to better understand impu-
rity properties in AlGaN alloys. By understanding impurity
transitions in AlGaN alloys, we could also identify exclu-
sively the origin of the VL in AlN.

The 1mm thick undoped and Si-doped AlxGa1−xN epil-
ayers were grown by MOCVD on sapphires0001d substrates.
Trimethylgallium sTMGd, trimethylaluminum sTMA d, and
NH3 were used as Ga, Al, and N sources, respectively. The
Al contents of AlxGa1−xN s0øxø1d alloys were determined
by energy dispersive x-raysEDXd measurements and x-ray
diffraction sXRDd as well as the flow rates of TMG and
TMA. Atomic force microscopysAFMd and scanning elec-
tron microscopysSEMd were employed to examine the sur-
face morphology of these AlGaN epilayers. AFM measure-
ments show the root-mean-squaressrmsd of AlGaN epilayers
studied here are comparable to that of GaNsabout 1 nm in a
2 mm32 mm scand. The secondary ion mass spectroscopy
sSIMSd measurements were performedsby Charles Evans &
Associatesd for AlGaN epilayers to measure the Si-dopant
and oxygen concentrations. The deep UV picosecond time-
resolved laser spectroscopy system used here consists of a
frequency quadrupled 100 fs Ti:sapphire laser with excita-
tion photon energy set around 6.28 eVswith a 76 MHz rep-
etition rate and a 3 mW average powerd and a monochro-
mator s1.3 md. A microchannel-plate photomultiplier tube
sMCP-PMTd together with a single photon counting system
was used to collect time-resolved PL data and the time reso-
lution of the detection system is about 20 ps.7

Figure 1 shows the room temperatures300 Kd PL spec-
tra of a set of undoped AlxGa1−xN epilayers withx between 0
and 1 with relatively low impurity concentrations
s,1018 cm−3d. The peak positions related with the band-edge
transitions exhibit a blueshift with increasingx, shifting from
3.42 eV for GaN to 5.96 eV for AlN.8 The deep impurity
peak positions also show a blueshift with increasingx, shift-
ing from 2.15 eV for GaN to 3.90 eV for AlN. The yellow
line sYL d around 2.15 eV has been extensively studied in
GaN, which most likely involvesVGa or VGa complexes such
asVGa–ON or VGa–SiGa.

5,6 However, the exact mechanism of
the YL in GaN is still under debate. The 3.9 eV emission lineadElectronic mail: jiang@phys.ksu.edu
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in AlN has not been previously reported and could be ob-
served only in undoped AlN with relatively low impurity
concentrationss,1018 cm−3d. The relative intensity between
band edge and deep impurity transitions depends strongly on
the growth condition, similar to the YL in GaN.

Another group of deep impurity transitions, which is dis-
tinctly different from the YL in GaN, were also observed in
Al xGa1−xN epilayers with higher impurity concentrations.
Figure 2 shows the 300 K PL spectra of another set of
Al xGa1−xN epilayers withx between 0.58 and 1 grown under
different conditions with higher impurity concentrationssei-
ther due to doping with Si or unintentional doping with Od.
The deep impurity transitions in this set of samples also ex-
hibit a blueshift from 2.56 eV for Al0.58Ga0.42N to 3.40 eV
for AlN. The observed band-edge transition in AlN was at
5.95 eV, which is slightly different from that of undoped
AlN shown in Fig. 1s5.96 eVd, probably due to the different
magnitudes of strain involved. Comparing the results shown
in Figs. 1 and 2, one can concluded that the presence of high
impurity concentration favors the VL at 3.40 eV over the
3.90 eV line in AlN. Our preliminary studies show that the
VL in AlN is a DAP transition involving a shallow donor and
a deep acceptor. The intensities of these deep impurity tran-
sitions are on the same order as those of the band-edge tran-

sitions. Interestingly, this group of deep impurity transitions
was not observable in AlxGa1−xN epilayers withx,0.58.

In Fig. 3, we plot the PL spectral peak positionssEimpd of
the observed two groups of deep impurity transitions as func-
tions of Al contentsxd obtained from Figs. 1sclosed squaresd
and 2sopen circlesd. The peak positions of both deep impu-
rity transitions show continuous increase withx and the two
plots are almost parallel with each other with a separation of
about 0.5 eV, indicating that the impurity transitions are of
the similar nature. However, it is also clear that the transi-
tions shown in Figs. 1 and 2 involve two different impurity
levels. In Fig. 3, the solid lines are a guide to the eyes, while
the dotted line indicated that the transitions were not observ-
able in AlxGa1−xN epilayers. The spectral peak positions of
the YL in GaN and VL in AlN are also indicated. The results
shown in Fig. 3 clearly demonstrate that the origin of the YL
in GaN is different from that of the VL in AlN because they
belong to two different groups of impurity transitions.

To identify the origins of these deep impurity transitions,
we plot the deep acceptor energy levelssEAd with Ev andEc

as functions ofx in Fig. 4. The YL in GaN and VL in AlN are
also indicated. The band gapsEgd of Al xGa1−xN can be de-
scribed byEgsxd=s1−xdEgsGaNd+xEgsAlN d−bxs1−xd with
the bowing parameter beingb=1 eV.8 The energy band gaps
of GaN and AlN are taken as 3.44 and 6.05 eV at room
temperature, respectively.9 The conductionsEcd and valence
sEvd band offset parameters are assumed to be 70% and 30%
for the GaN/AlxGa1−xN s0øxø1d heterostructure, respec-

FIG. 2. Room temperature PL spectra of a set AlxGa1−xN epilayerss0.58
øxø1d with higher impurity concentrations, including both the band edge
and deep impurity transitions associated with VL in AlN.

FIG. 4. Acceptor levelssEAd obtained from Fig. 1sclosed squaresd and 2
sopen circlesd as functions ofx. Ec andEv are also included withED

0 being
the shallow donor level. The valence band maximum of GaN is chosen as
E=0. The YL in GaN and VL in AlN are also indicated.

FIG. 1. Room temperature PL spectra of a set of undoped AlxGa1−xN epil-
ayerss0øxø1d with relatively low impurity concentrationss,1018 cm−3d,
including both the band edge and deep impurity transitions associated with
YL in GaN.

FIG. 3. PL peak positionssEimpd of deep impurity transitions obtained from
Fig. 1 sclosed squaresd and 2 sopen circlesd as functions ofx. The peak
positions of the YL in GaN and VL in AlN are also indicated. The solid lines
are guide to the eyes.
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tively. The valence band maximum of GaN is chosen asE
=0. Our preliminary studies suggest that the deep impurity
transitions involved in Figs. 1 and 2 are a DAP type involv-
ing two different deep acceptors and the shallow donors. The
observed very long decay lifetimes of longer than 1ms sup-
port this assignment. The chemical origin of the shallow do-
nors involved here is believed to be either Si or O in
Al xGa1−xN epilayers. The ionization energiessED

0 d of the
shallow donors are assumed to increase linearly from
25 to 86 meV with varyingx from 0 to 1 in AlxGa1−xN
epilayers.10,11 The deep acceptor levels determined below
will not change significantly even if a different range of shal-
low donor level is used between 60 and 200 meV. The ac-
ceptor levelssEAd involved in the transitions shown in Figs.
1 and 2 can be deduced byEAsxd=Egsxd−Eimp−ED+Ev with
Ev=−0.3DEgsxd and Ec=EgsGaNd+0.7DEgsxd with neglect-
ing the Coulomb interaction between the ionized donors and
acceptors. It is interesting and important to note that the de-
duced acceptor levels as functions ofx arehorizontal lines
in the whole range ofx, as demonstrated in Fig. 4. This
clearly indicates that these levels are pinned to the energy
levels common to AlxGa1−xN alloys with an energy separa-
tion of 0.5 eV. This is very common for deep acceptors in
other semiconductors as well as III-nitrides11–13 as a conse-
quence of the large binding energies and very strong local-
ization of deep acceptors.

The formation energiessEformd of Vcation andVcation com-
plexes as well as other impurities as functions of Fermi level,
EF, have been calculated in GaN and AlN.6,14,15 SincesVGa

-complexd2− has the lowestEform regardless ofEF in GaN,
the origin of the YL in GaN is attributed tosVGa

-complexd2− such asVGa–ON or VGa–SiGa rather thansVGad2−

or sVGad3−.6 However, theEform of sVcationd3− decreases with
increasingx in Al xGa1−xN alloys and becomes the lowest and
negative with increasingEF sEF.5.8 eVd in AlN, indicating
that sVcationd3− can be formed spontaneously during the
growth of AlN.6,14 Thus,sVcationd3− is the most favorable na-
tive defect and accountable for the VLs3.40 eVd in AlN with
high impurity concentrations, in whichEF is relatively high.
The presence of impurities such as Si or oxygen can enhance
the formation ofVcation and the intensity of VL in AlN, since
EF increases with an increase of the impurity concentration.

It is commonly believed that the origin of VL in AlN is
the same as that of YL in GaN.6 However, based on results
shown here, we believe that the VL in AlN is a DAP transi-
tion involving a shallow donor and asVAld3− deep acceptor.
On the other hand, the optical transition line at 3.90 eV in
AlN shown in Fig. 1 has the same origin as the YL in GaN,
which is attributed to a DAP transition involving a shallow
donor and asVAl-complexd2− deep acceptor. The possibility
of sVAld2− as the origin of a deep acceptor in AlxGa1−xN
alloys can be excluded due to its higher formation energy
than sVAl-complexd2−. The binding energies ofsVAld3− and
sVAl-complexd2− in AlN can be obtained from Fig. 4 to be
about 2.60 and 2.10 eVswith a difference of 0.50 eVd, re-
spectively. The calculated binding energy ofsVAld3− varies
from 2.10 to 2.60 eV, while that ofsVAl-complexd2− is about
1.60–1.90 eV.6,15 The calculated difference in binding ener-
gies betweensVAld3− and sVAl-complexd2− is about 0.5 eV,6

which agrees very well with our experimental value. These
facts again support our assignment that acceptors involved in

the DAP transitions shown in Fig. 1 aresVcation-complexd2−

and in Fig. 2 aresVcationd3−. The absence of deep impurity
transitions related withsVcationd3− for materials with x
,0.58 is consistent with the fact thatsVcation-complexd2− are
more favorable in AlxGa1−xN alloys with low x
sx,0.58d.6,14,15

The existence of strong deep impurity transitions related
with sVcationd3− also correlates with reduced electrical con-
ductivities in AlxGa1−xN alloys with x.0.58. Our experi-
mental results support the claim thatsVcationd3− is very stable,
giving the strong deep impurity transitions in AlxGa1−xN al-
loys with x.0.58, which may be a cause of the reduced
n-type conductivity in AlxGa1−xN alloys with highx, particu-
larly in AlN, due to its ability to capture three electrons.

In summary, we have investigated the impurity transi-
tions in AlxGa1−xN epilayers betweenx=0 and 1 grown on
sapphire by MOCVD. Two groups of deep impurity transi-
tions were observed in both undoped and Si-doped
Al xGa1−xN epilayers. The origins of two different acceptors
involved in the deep impurity transitions have been identified
assVcation-complexd2− in Al xGa1−xN alloys betweenx=0 and
1 andsVcationd3− in Al xGa1−xN alloys betweenx=0.58 and 1.
The YL and VL in GaN and AlN have been identified as
special cases of these impurity transitions in AlGaN alloys.
Our experimental results indicate that the formation of
sVcationd3− is more favorable in Al-rich AlGaN alloys, while
sVcation-complexd2− are more favorable in AlxGa1−xN alloys
with lower x. The two acceptor levels related withsVcationd3−

andsVcation-complexd2− are pinned to the energy levels com-
mon to AlxGa1−xN alloys with an energy separation of
0.5 eV. The presence ofsVcationd3− andsVcation-complexd2− in
Al xGa1−xN alloys with x.0.58 lead to the reduced conduc-
tivities and are detrimental to the optoelectronic devices us-
ing AlxGa1−xN epilayers with highx.
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