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Acceptor-bound exciton transition in Mg-doped AIN epilayer
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Mg-doped AIN epilayers grown by metalorganic chemical-vapor deposition have been studied by
deep ultraviolet time-resolved photoluminesce(fk) spectroscopy. A PL emission line at 6.02 eV
has been observed at 10 K in Mg-doped AIN, which is about 40 meV below the free-exciton
transition in undoped AIN epilayer. Temperature dependence of the PL intensity of this emission line
also reveals a binding energy of 40 meV. This transition line is believed to be due to the
recombination of an exciton bound to neutral Mg accefte) with a binding energy ofE,

=40 meV. This value is also about 10% of the energy level of Mg impurity in AIN satisfying
Haynes’ rule. The recombination lifetime of thetransition in Mg-doped AIN has been measured

to be 130 ps, which is close to the expected value. The ld&geof the acceptor-bound exciton in

AIN than that in GaN is due to large effective masses of the electrons and holes, as well as the
energy level of Mg impurity. €004 American Institute of PhysiddOIl: 10.1063/1.1796521

Aluminum nitride (AIN), a group-Ill nitride semicon- doping, bis-cylopentadienylmagnesiuf@p,Mg) was used
ductor of direct band gap 6.1 eV, is emerging as an imporas a Mg source. Secondary ion mass spectroscopy measure-
tant semiconductor due to its applications in light emittersments(performed by Charles Evans & Associgtesvealed
laser diodegLDs), and other optoelectronic devices. It hasthat Mg-dopant concentration was aboux $0*® cm™ in
high mechanical hardness, high thermal conductivity, largeMg-doped AIN epilayer. Atomic force microscopédFM)
dielectric constant, and high resistance to harshand scanning electron microsco{&EM) were used to char-
environments. By alloying AIN with GaN, the band gap acterize the surface morphology of these epilayers. Structural
changes systematically from 3.4 to 6.1 eV. For device applicharacterization was done with x-ray diffractiofRD) mea-
cations, conductive AIN and AGa_ /N with high x are es- surement. Full width at half maximurtFWHM) of XRD
sential. P-type doping in AlGa_N has been proven to be rocking curve of(0002 peak of as-grown AIN epilayers was
extremely difficult, due to high activation energy of Mg dop- between 50 and 300 arc sec. Deep UV time-resolved PL
ant as well as reduced crystalline quality of the alloys. Thespectroscopy was employed to investigate the sample. The
resistivity of Mg-doped AlGa,_N, p, was found to increase PL system consists of a frequency quadrupled 100 fsec Ti:
with increasingx and it is expected to be extremely high in sapphire laser with an average power of 3 mW with excita-
Mg-doped AIN. Our group has obtainquitype AlLGa_ N tion photon energy set at 6.28 eVfepetition rate of
alloys withx up to 0.27 with Mg doping.The electric prop- 76 MHz), a monochromatof1.3 m), and a streak camera
erties of Mg-doped AlGa,_,N alloys with higherx(>27%)  With a detection capability ranging from 185 to 800 nm and
has not been reported. Our group has also grown high optica time resolution of 2 p§.
quality AIN epilayers on sapphire substrate by metalorganic ~ Figure 1 compares the low-temperatdi® K) PL spec-
chemical vapor depositioMOCVD).? Binding energy and tra of (&) undoped andb) Mg-doped AIN epilayers. The
recombination lifetime of free excitofiX) and donor-bound arrows indicate the peak positions of the spectra. The un-
exciton (I,) have been determined previously in undoped
AIN epilayer.“A photoluminescencéPL) study on Si-doped

AIN has found thd, transition to be the dominant emission (a) ‘ 6.060 ¢V |
line at low temperaturesWe have also studied optical tran- 6{ T=10K %
sition lines involving Mg in AIN from which the Mg impu- Undoped AIN o
rity binding energy in AIN was obtaineti However, exci- 4 210 1LO
tonic transitions in Mg-doped AIN were not observed. _ o|584ev 595¢eV
In this letter, we report on the observation and optical 2 m}}%mmw&gmw & x%
studies of neutral acceptor-bound excit@p) transition in = 0 b) 6020 o
Mg-doped AIN epilayers by deep UV time-resolved PL. The = 61 AIN:- M DreEY
S e . . : Mg ]
recombination lifetime and the binding energy of thdéran- A
sition in the Mg-doped AIN have been measured. The mea- 44 _:' H 1
sured values in AIN are also compared with those in PN
Mg-doped GaN. Z‘W \\-
The 1.um-thick Mg-doped AIN epilayers were grown 0 , .
by MOCVD on sapphire(0001) substrates with low- 5.8 59 6.0 6.1
temperature AIN nucleation Iaye?s‘l.’rimethylaluminum and E (eV)

blue ammonidNH;) were used as Al and N sources. For Mg
FIG. 1. PL spectra ofa) undoped AIN andb) Mg-doped AIN epilayer

measured at 10 K. For the Mg-doped AIN epilayer, the transition at 6.06 eV
¥Electronic mail: jiang@phys.ksu.edu disappears and a new emission line is observed at 6.02 eV.
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FIG. 2. PL spectra of Mg-doped AIN epilayer measured from 10 to 250 K.10 and 250 K. The solid line is the least-squares fit of the
data with equation

doped AIN epilayers exhibit a strong band-edge emission

line at 6.06 eV, due to FX transition and its longitudinal lo

optical (LO) phonon replica at 5.95€¥¢ LO) and Iem‘:——E/KT’ 2
5.84 eM2 LO), with a LO phonon energy of 110 meV. As 1+ce™

undopgd C_SaNﬁlsn t;(;pe,.the neutlral donor-bond excit¢r) wherec is a constant. The fitted value =40 meV and is
transition Is often dominant at low temperatures, Howevery,qistant with the value obtained from the difference be-
undoped AIN is highly insulating due partly to the presence, .on the peak position of FX in undoped AIN and the
of native defects, such as Al vacancy or vacancy comple eak position in Mg-doped AIN epilayers. This value of ac-
which are deep acceptors and act as compensating centers Rlation energy is in rough agreement Witi’l Haynes' rule: for
electrons. Thus]: in undloged A"B]’ .tfhe%e s Oeither a V§ry IOWMg-doped AIN the binding energy of the exciton-neutral-
e O sy, TPUTY COMPIEX 1S about 10% f th impurty bining -

t due to large binding energy of FX. ergy if we neglect the central-cell correcti hlsmg I—!aynes .
nanFor the Ma-dooed AIN epilaver a new emission line rule, the expected energy level of Mg impurity in AIN is
with a peak pogitionpat 6.02 e\?is )évi(’jent which is attributed400 me\/_, which is close to our reported Va.ll.le O-f 510 n‘?ev.

. bound t t'he neutral M écce tor im r't'esThe binding energy of 20 meV for tHe transition in GaN is

to Oexcnons ound 1o ut 9 ptor impurities, ., roughly about 10% of the energy level for Mg impurity.
(A ’X.) or.thell line m_AIN. The intensity of this new emis- Time-resolved PL was employed to measure the recom-
sion line is aboyt 40 times smaller t_ha_n tha_t of .FX transitiony,;hation lifetime of thel, transition at 6.02 eV, which is
in undoped epilayer. The new emission line in Mg-dopedgy,qn in Fig. 4. The measurement reveals that the decay
AIN is 40 meV below the _FX_transmon in undoped AIN, kinetics was a single exponential with a decay lifetime con-
‘;‘:E'OC: iﬁo,g\rlﬁlsle)r:gsv;?utg?sb;rgtzsgn?vgetzixgé Olgﬁggrllt ;?nn-that stant about 130 ps at 10 K, which is about three to five times
of 1, in Mg-doped GaNE,[(GaN=20.0-21.5 mey® (Sg;)cr)tiagé%ag}stpe PL decay lifetime of thetransition in GaN
Mg-doped AIN epilayers were thermally annealed in nitro-
gen ambient up to 1325°C; however, the peak position of the
[, transition is almost the same when compared with as-
grown samples.

Temperature evolution of the 6.02 eV emission line in
the Mg-doped AIN epilayer measured from 10 to 250 K is
shown in Fig. 2. The intensity decreases monotonically and
the spectral peak position of this emission line is redshifted
with increasing temperature. The thermal quenching of the
transition is due to the dissociation of neutral acceptor-bound
exciton described by

(A% X) — A%+ X, (1) P
whereA® andX are neutral acceptor and free exciton, respec- 00 02 0'4t (ng)'(’ 08 10
tively.

Figure 3 shows the Arrhenius plot of the PL intensity of Fig. 4. Temporal response of the transition in Mg-doped AIN epilayer

the 6.02 eV emission line for the temperature range betweeieasured at 10 K. Observed recombination lifetime is 130 ps.
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TABLE |. Binding energy(in meV) and decay lifetiméin ps) of the fundamental transitions as well as energy
levels(in meV) of Si donor and Mg acceptor impurities in AIN and GaN.

Erx Epx(ly) Epx(l2) Ea Ep TEX 1y (1)
GaN 20-25 20-21 6-7 160-180 25-29 50-350 370-660 35-100
AIN 80 40 16 510 86 50 130 80
AIN/GaN 3.6-4.0 2.0 2.6 3.2 3.4 1.0-0.1 0.4-0.2 2.3-0.8

The relation between the oscillator strength of thetion (I,) in AIN. This assignment has been confirmed by the

impurity-bound excitor(F) and the free excitong-y)is™ time-resolved measurement at 10 K and the temperature de-

whereE,, is the binding energy of the impurity-bound exci-

3 pendence of the PL intensities. Measured binding energy of
F= (EO/EbX)EFeX, (3)  exciton bound to Mg impurity in AIN is 40 meV, which is
twice as that in GaN, as expected with larger effective
masses of electrons and holes in AIN than in GaN. The mea-

tons, Eg=(272/m)(7/Q0)%3, mis the effective mass of the
FX, and()g is the volume of the unit cell. From E@3), we
thus have the ratio of radiative decay lifetime lefand I,

transitions as This research is supported by grants from the NSF, ARO,

and DOE.
1)/ 1) = F(1)/F(1) = (Ex(12) /Enx(12) (4)
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