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Deep impurity transitions involving cation vacancies and complexes
in AlGaN alloys
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Deep ultraviolet(UV) photoluminescencéPL) spectroscopy has been employed to study deep
impurity transitions in AlGa N (0<x=<1) 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 vacands,i,) andVaion cOMplexes in AlGa;_,N alloys.
These acceptor levels are pinned to two different energy levels common@&aAIN alloys (0
<x=1). The deep impurity transitions related wif;,, complexes were observed in,&a_,N
alloys betweerx=0 and 1, while those related wit..;,, were only observed in AGa _,N alloys
betweernx=0.58 and 1. This points out to the fact that the formatiovgf;,,is more favorable in
Al-rich AlGaN alloys, whileV_4i,,complexes can be formed in the whole range between 0 and

1. The implications of our findings to the UV optoelectronic devices using AlGaN alloys are also
discussed. @005 American Institute of PhysidDOIl: 10.1063/1.1943489

With the tremendous progress of IlI-nitridé&s & D in with additional information from AlGaN alloys. Second and
terms of both fundamental understanding as well as devicesiore importantly, it also helps us to better understand impu-
applications, AIN becomes more critical for the further un-rity properties in AlGaN alloys. By understanding impurity
derstanding of AlGaN alloys and for Ill-nitride device transitions in AlGaN alloys, we could also identify exclu-
development. Recently, AlGaN alloys, particularly Al rich sively the origin of the VL in AIN.

AlGaN alloys have attracted much interest due to their ap- The 1 um thick undoped and Si-doped &a _N epil-
plications in solid-state UV light sources for bioagent detec-ayers were grown by MOCVD on sapphii@001) substrates.
tion as well as general lightirg: The yellow line(YL) with  Trimethylgallium (TMG), trimethylaluminum(TMA), and
emission energy at around 2.15 eV is the dominant impurityNH,; were used as Ga, Al, and N sources, respectively. The
transition in GaN in many cases. The material quality ofAl contents of ALGa,_,N (0<x=<1) alloys were determined
GaN is strongly correlated with the YL intensity. The YL in by energy dispersive x-rafEDX) measurements and x-ray
GaN is commonly attributed to a donor-to-acceptor pairdiffraction (XRD) as well as the flow rates of TMG and
(DAP) transition between a shallow donor and a deep accepFMA. Atomic force microscopy(AFM) and scanning elec-
tor whose origin is related with Ga vacan€yg,) or Vga  tron microscopy(SEM) were employed to examine the sur-
complexes in GaN-® For AIN, a broad violet line(VL)  face morphology of these AlGaN epilayers. AFM measure-
around 3.40 eV is often observed and believed to be relateghents show the root-mean-squateas) of AlGaN epilayers
with Al vacancy(Vp) or V, complexes, analogous to the YL studied here are comparable to that of GaNout 1 nm in a

in GaN® Understanding impurity transitions in AIGaN alloys 2 umXx2 um scan. The secondary ion mass spectroscopy
is very important for improving the fundamental understand{SIMS) measurements were performgry Charles Evans &

ing of material as well as device performance, since the presassociatey for AlGaN epilayers to measure the Si-dopant
ence of strong impurity transitions is detrimental to optoelec-and oxygen concentrations. The deep UV picosecond time-
tronic devices using AlGaN epilayers. resolved laser spectroscopy system used here consists of a

In this letter, we report the results of impurity transitions frequency quadrupled 100 fs Ti:sapphire laser with excita-
involving V, and V, complexes in AlGa_,N epilayers  tion photon energy set around 6.28 éwith a 76 MHz rep-
grown on sapphire substrates by metalorganic chemical vaetition rate and a 3 mW average powend a monochro-
por deposition(MOCVD). In many cases, two groups of mator (1.3 m). A microchannel-plate photomultiplier tube
dt_aep impurity transitiqns were observed ?n both 'undoped angMCP-PMT) together with a single photon counting system
Si-doped AlGa, N epilayers. These emission lines are as-yas used to collect time-resolved PL data and the time reso-
signed to the recombination between a shallow donor ang,tion of the detection system is about 207ps.
two different deep acceptors, based on the results of spectral Figure 1 shows the room temperatB90 K) PL spec-

peak positions, temperature dependence, and decay lifetimg, of 4 set of undoped ABa,_,N epilayers withx between 0
measurements. The deep acceptors involved here have beghy 1 with relatively low impurity concentrations

identified as isolated cation vacancies that are three(-<1018 cmi3). The peak positions related with the band-edge
. 3- *
negatively charged statél®/cajon)”” and Veaion compie_»fes transitions exhibit a blueshift with increasimgshifting from
that are two-negatively charged stat®aiorCOMPIEX“"iIN 3 45 ey for GaN to 5.96 eV for AIN. The deep impurity
Al,Ga N alloys. The YL in GaN has been observed andpeak positions also show a blueshift with increasinghift-
discussed as a special case of a group of impurity transitiofyg from 2.15 eV for GaN to 3.90 eV for AIN. The yellow
in AlGaN alloys. This observation is important in two as- jine (YL) around 2.15 eV has been extensively studied in
pects. First, we can better understand the origin of the YLGaN, which most likely involve¥/g, or Vg, complexes such
asVga—Oy or Vga—Siga > ® However, the exact mechanism of
¥Electronic mail: jiang@phys.ksu.edu the YL in GaN is still under debate. The 3.9 eV emission line
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FIG. 1. Room temperature PL spectra of a set of undopg@aLN epil-
ayers(0=<x=1) with relatively low impurity concentration<10'® cm ),

including both the band edge and deep impurity transitions associated with _ . . . . .
YL in GaN. sitions. Interestingly, this group of deep impurity transitions

was not observable in 4Ba,_,N epilayers withx<0.58.

In Fig. 3, we plot the PL spectral peak positidsy,,) of
‘the observed two groups of deep impurity transitions as func-
tions of Al content(x) obtained from Figs. 1closed squargs
Oand 2(open circles The peak positions of both deep impu-
Ji‘ty transitions show continuous increase wittand the two
plots are almost parallel with each other with a separation of
about 0.5 eV, indicating that the impurity transitions are of

Al.Ga,_ N epilayers with higher impurity concentrations the similar nature. However, it is also clear that the transi-
Gay L T . . . .
Figure 2 shows the 300 K PL spectra of another set O{mns shown in Figs. 1 and 2 involve two different impurity

; . evels. In Fig. 3, the solid lines are a guide to the eyes, while
A.l xGaN epﬂg_yers w_|thx F’e“’ve?” 0'5.8 and 1 grown “'f‘der the dotted line indicated that the transitions were not observ-
different conditions with higher impurity concentratiotes-

ther due to doping with Si or unintentional doping with.O able in AkGa,N epilayers. The spectral peak positions of

. . o X : the YL in GaN and VL in AIN are also indicated. The results
The deep impurity transitions in this set of samples also ex-

- . shown in Fig. 3 clearly demonstrate that the origin of the YL
hibit a blueshift from 2.56 eV for AlsdGa 4N to 3.40 eV . P .
for AIN. The observed band-edge transition in AIN was atIn GaN is different from that of the VL in AIN because they

Lo . belong to two different groups of impurity transitions.
i'"g\IS i\/;’v\r’]\'mcgi IS l?ggglély\glfferrebntbl;ro&n tr;attr? f (;Ji?fdcr)pr?td To identify the origins of these deep impurity transitions,
S'tod ¢ gt] S Ie apg anly « uetho N Ite eh we plot the deep acceptor energy levidts) with E, andE,
mz?:gm ules g 23 rain involve .I domdriﬁn??h € resufts s for:/y s functions ok in Fig. 4. The YL in GaN and VL in AIN are
In F9s. 1 and <, oné can conciuded that Ine presence ot Niglyq, ,4icated. The band gdp,) of Al,Ga_,N can be de-
impurity concentration favors the VL at 3.40 eV over the _ . _ .
o I ; scribed byEy(x)=(1-X)Eg(GaN) +xE4(AIN) —bx(1 -x) with
3.90 eV line in AIN. Our preliminary studies show that the the bowi 9 i bg' 1eVveTh band
VL in AIN is a DAP transition involving a shallow donor and feG 0|\<Ivmg é)axcl’:\'\rlne er i ekntg e3.44 € %n%r%é 6\1;] tgaps
a deep acceptor. The intensities of these deep impurity tran- a tan ar(;,\_ %_ﬁ:‘ as d t'ap(E). de Ia room
sitions are on the same order as those of the band-edge tra mperature, respectivelylhe conduction,) and vaience
,) band offset parameters are assumed to be 70% and 30%

for the GaN/AlGa,_,N (0=x<1) heterostructure, respec-

positions of the YL in GaN and VL in AIN are also indicated. The solid lines
are guide to the eyes.

in AIN has not been previously reported and could be ob
served only in undoped AIN with relatively low impurity
concentrationg<10'® cm3). The relative intensity between
band edge and deep impurity transitions depends strongly
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
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FIG. 2. Room temperature PL spectra of a seGa_,N epilayers(0.58

FIG. 4. Acceptor level§E,) obtained from Fig. I(closed squargsand 2
(open circlep as functions ok. E; andE, are also included meg being

<x=<1) with higher impurity concentrations, including both the band edge the shallow donor level. The valence band maximum of GaN is chosen as

and deep impurity transitions associated with VL in AIN.

E=0. The YL in GaN and VL in AIN are also indicated.
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tively. The valence band maximum of GaN is choserEas the DAP transitions shown in Fig. 1 af¥/yi,rcomplex?
=0. Our preliminary studies suggest that the deep impurityand in Fig. 2 are(Veuon>~. The absence of deep impurity
transitions involved in Figs. 1 and 2 are a DAP type involv-transitions related With(Veaion®~ for materials with x
ing two different deep acceptors and the shallow donors. The: g 58 is consistent with the fact th&f ., -complex?™ are

observed very long decay lifetimes of longer thapd sup-  ore  favorable in AlGa_N alloys with low x
port this assignment. The chemical origin of the shallow do'(x<0.58).6'14'15 X

nors involved here is believed to be either Si or O in
Al,Ga,_N epilayers. The ionization energid&?) of the

shallow donors are assumed to increase linearly fro L : :
. i ; _ >0.58. -
25 to 86 meV with varyingx from 0 to 1 in ALGa_N Muctivities in AlLGa, N alloys with x>0.58. Our experi

epilayerst®!* The deep acceptor levels determined helowMeNtal results support the claim thatsuon >~ is very stable,
will not change significantly even if a different range of shal-lg'vIng "[thhe s;r%nsgsdeerﬁ). |hmpur|ty t’:ransmons IanGI?ﬁ_XN "(ijl' q
low donor level is used between 60 and 200 meV. The ac>Y> W! Xd 25, W ICG maﬁl IF a ca}l#]sE. oh € reduce
ceptor levelg E,) involved in the transitions shown in Figs. n-typ_e conductivity n AL %\ alloys with highx, particu-

1 and 2 can be deduced By(X) =E,(x) - E,,— Ep+E, with larly in AIN, due to its ability to capture three electrons.
E,=-0.3\E,(x) and EC:Eg(Gal\I)+(g).7AEg&§) wich néglect- ~In summary, we have investigated the impurity transi-
ing the Coulomb interaction between the ionized donors angonsh'inr A:;(G?)I_él\(l:\(jglla%/virs bretweeuf—do andm} grr?[WTr Orr]] i
acceptors. It is interesting and important to note that the dezaPpPhire by - WO groups ot deep impurity transi-

duced acceptor levels as functionsxoére horizontal lines EAI\(I)né Wﬁre .:)bserve_lgih n .b_Oth fupdo%gf(;l antd S|-d;)ped
in the whole range ok, as demonstrated in Fig. 4. This X &I\ epliayers. The ongins of two different acceptors

clearly indicates that these levels are pinned to the energ.nVOIVed in the deezp_) _impurity transitions have been identified
levels common to AlGa;,_,N alloys with an energy separa- S(Vcation'corgf)l_e)g in Al,Ga,N alloys betv!eerxzo and
tion of 0.5 eV. This is very common for deep acceptors int @d(Veaion)™ in Al,Ga,N alloys betweenx=0.58 and 1.
other semiconductors as well as llI-nitridé¢%as a conse- The YL and VL in GaN and AIN have been identified as

guence of the large binding energies and very strong localSPecial cases of these impurity transitions in AlGaN alloys.

ization of deep acceptors. Our experimental results indicate that the formation of
The formation energieE;qm) Of Veation 2N Veation COM- (Veation®™ is more favorable in Al-rich AIGaN alloys, while

plexes as well as other impurities as functions of Fermi level(VeaiorrCOMplex?™ are more favorable in 4Ga, N alloys

Er, have been calculated in GaN and ARf**°Since(Vg,  With lower x. The two acceptor levels related withlsgon >

-compleX?™ has the lowesE;,, regardless oEg in GaN, and (VgiorcOmpleX?™ are pinned to the energy levels com-

the origin of the YL in GaN is attributed to(Vg, mon to ALGa_N alloys with an energy separation of

-complex?” such as/g,— Oy Or Vga—Sigarather thar(Vg)2~ 0.5 eV. The presence 6¥aion>” and (Veaiorcomplex? in

or (VGa)3‘_6 However, theEq,m, of (Veaion®~ decreases with  Al,Ga_,N alloys with x>0.58 lead to the reduced conduc-

increasingx in Al,Ga,_,N alloys and becomes the lowest and tivities and are detrimental to the optoelectronic devices us-

negative with increasingr (E->5.8 €\) in AN, indicating  ing Al,Ga N epilayers with highx.

that (Veaion®™ can be formed spontaneously during the

growth of AIN.°** Thus, (Vaion3~ is the most favorable na-

tive defect and accountable for the VB.40 e\j in AIN with

high impurity concentrations, in whicBg is relatively high.
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