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Mg acceptor level in AIN probed by deep ultraviolet photoluminescence
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Mg-doped AIN epilayers were grown by metalorganic chemical vapor deposition on sapphire
substrates. Deep UV picosecond time-resolved photoluminesd@igespectroscopy has been
employed to study the optical transitions in Mg-doped AIN epilayers. From PL emission spectra and
the temperature dependence of the PL emission intensity, a binding energy of 0.51 eV for Mg
acceptor in AIN was determined. Together with previous experimental results, the Mg acceptor
activation energy in AlGa, 4N as a function of the Al contenij was extrapolated for the entire

AIN composition range. The average hole effective mass in AIN was also deduced to be about 2.7
m, from the experimental value of the Mg binding energy together with the use of the effective mass
theory. © 2003 American Institute of Physic§DOI: 10.1063/1.1594833

With tremendous progress being made for IlI-nitrides re-6.28 eV(with a 76 MHz repetition rate aha 3 mWaverage
search and development in terms of both fundamental undepowen, a monochromatofl.3 m), and a streak camera with
standing, as well as devices applications, AIN has becoma detection capability ranging from 185 to 800 nm and a time
more critical for further understanding AlGaN alloys and for resolution of 2 ps.

[ll-nitride device development. Recently, it has been demon-  Figure 1 shows PL spectra measured at different tem-
strated that the optical qualityof AIN epilayers grown on sap-peratures for Mg-doped AIN epilayers. The low temperature
phire is comparable to that of GaN in terms of photolumi- (10 K) spectrum of an undoped AIN epilayer is also included
nescence(PL) emission efficiency, especially at room for comparison. The band edge transition at 6.06 eV is the
temperaturé.AIN epilayers with a free electron concentra- dominant transition in undoped AIN epilayers, which is at a
tion of about X 1017 cm ™3 have also been achieved by Si slightly higher energy position than previously reportéd.
doping? Our group has recently achieveetype conduction ~ This is probably due to the fact that the magnitude of the
in Mg-doped AlGa, _,N epilayers forx up tox=0.273The  strain varies slightly from sample to sample, similar to the
resistivity of Mg-doped AlGa,_N, p, was found to in- case in GaN. Mg-doped AIN exhibits two dominant emission
crease with increasing The resistivity of Mg-doped AIN is,  lines at 4.70 and 5.54 eV at 10 K, which are absent in un-
thus, expected to be very high. In this letter, we intend todoped AIN and are thus attributed to Mg impurity related
address two related fundamental questions. The first questidf@nsitions. The spectral peak positions of these emission
is whether or not one can achiepetype conduction in AIN lines suggest that they are either band-to-impurity or donor-
by Mg doping. The second question is what is the Mg accep@cCeptor pailDAP) transitions. However, the slow compo-
tor energy level in AIN. nent of the recombination lifetimes of both emission lines

The 1um-thick Mg-doped AIN epilayers were grown by Measured at 10 K are aboutss (not shown, which pre-
metalorganic chemical vapor depositiédOCVD) on sap- qludes the possibility for the band-to—lmp_unty type transi-
phire (0001 substrates with low temperature AIN nucleation tions which are known to have a recombination lifetime in
layers. Trimethylaluminum(TMAI) and NH; were used as e order of 1 ns. , _ _

Al and N sources. For Mg doping, bis-cyclopentadienyl- Figure Za) shO\_/vs'the Arrh.enlus plot of the RL intensity
magnesium (CgMg) was transported into the growth cham- of the 5.54 ey emission line in Mg.-doped AIN in the tem-
ber during growth. Atomic force microscopy measurementd?€rature regionT<150K. The solid lines are the least
revealed a smooth surface morphology with a rms of about £auares fit of data with equation

nm across a Zmx2 um scanning area for Mg doped AN,

which is comparable to thatl.1 nm of an undoped AIN lem(T)=1o/[1+Cexp(—Eo/kT)], (N
epilayert HaII-effgc.t measurements were gttempted to mea\’NhereEO is the activation energy of the PL emission inten-
sure the conductivity of Mg-doped AlN. epllayer_s._However, sity. The fitted activation energids,=60 meV for the 5.54

all as-grown Mg-doped layers were _hlghly resistive. Morg-ev emission line again suggests that the 5.54 eV emission
over, subsequent postgrowth annealing of Mg-doped AIN i is 5 pAP transition involving a Mg acceptor and a shal-

nitrogen gas ambient did not result prtype conduction. low donor (with an ionization energy of 60 meVThe ion-
Secondary ion mass spectroscopy measurentpatformed i, 4iion energy of substitutional shallow donors in AIN was
by Charles Evaﬁ:revggl_ed that Mg-dopant concentration e icted to be about 60 meV by the effective mass theory
was about K10'® cm™? in Mg-doped AIN epilayer. The i an electron effective mass of* =0.33m,.%% It is also
deep UV picosecond time-resolved laser Spectroscopy Sysry close to the ionization energy of 86 meV measured for
tem used here consists of a frequency quadrupled 100 1§; qonor impurities in AIN2 The monotonic decrease of the
Tizsapphire laser with an excitation photon energy set aroung 54 e\ emission intensity with increasing temperature
shown in Fig. Za) is due to the thermal dissociation of the
dElectronic mail: jiang@phys.ksu.edu shallow donors involved. By neglecting the Coulomb inter-
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FIG. 1. PL spectra measured at different temperatures for Mg-doped AINT/G: 2. The Arrhenius plot§in(le,) vs 1] for two emission lines in

) b Mg-doped AIN:(a) 4.70 eV atT<150 K and(b) 5.54 eV atT>150 K. The
epilayers. The low temperatu(®0 K) spectrum of an undoped AIN epilayer ] ) ] -
ispalsyo included for cor?mparisf)n. ) sp P piiay solid lines are the least squares fits of data with (Eg.The fitted activation

energies Eg) are indicated in the figure.

action between the ionized donors and accepters”(sr s estimated to be about 0.97 eV if we assume that th8 Mg
with r being the distance between the ionized donor andevel is lined up within the band gaps of GaN and AIN near
acceptor ana being the static dielectric constaj value of  the interface of a AIN/GaN heterojunctidf** as illustrated
EA=0.52 eV for the Mg acceptor binding energy in AIN is in Fig. 3. The conduction band offset parameter is assumed
deduced from Ej ~Ej—5.54eV-0.06eV with E;  to be 70% for the GaN/AIN heterostructure afg is 0.17
=6.12eVat 10 K eV for Mg acceptors in GaR*?>~'*The lower limit of the

We assign the 4.70 eV emission line to a DAP transitionMgP® energy level in AIN is determined by the effective mass
involving a deep level donor and Mg acceptor. Due to thetheory with values scattered between 0.42 and 0.80 eV, as
competing recombination channel at 5.54 eV at low temperaindicated by the shaded region in Fig. 3, due to the uncer-
tures, the thermal activation process of the 4.70 eV emissiotainty in the hole effective mass in AIN:' Our experimen-
line is more complicated than that of the 5.54 eV line. How-tal value of E,=0.51 eV is close to the lower limit values
ever, the Mg impurity leveE, can also be obtained simply obtained by the effective mass theory. By using the experi-
from the Arrhenius plot of the 4.70 eV PL intensity for  mentally determined value &,=0.51 eV and the low fre-
>150 K, above which the 5.54 eV emission line is no longerquency dielectric constant of=8.51%1" an average hole
present. Based on the PL spectral peak position of the 4.7€ffective massn} of about 2.7ng in AIN is estimated, which
eV line, we can conclude that the energy level of the donoagrees well with several previous calculatiSi&!® The
involved is deeper than that of the Mg impurities. Thus, thevalue of mf; in GaN is determined to be about 0.4§ by
thermal activation behavior shown in Fig(b? is a direct  usingm},=2.03m, and m}=0.33m,.% The largerm? in
measure of the activation of Mg impurities. A value Bf  AIN suggests a smaller hole mobility in AIN than in GaN.
=0.50 eV is obtained from Fig.(B) for the 4.70 eV emis- The determination of the Mg acceptor ionization energy
sion line, which corroborates quite well with the Mg accep-in AIN together with previous experimental results enables
tor binding energy of 0.52 eV deduced from Figa2 There-  us to complete the plot of the activation energy of Mg ac-
fore, the Mg acceptor level in AIN is about 0.5 0.01) eV ceptor in Mg-doped AlGa, _,N as a function of the Al con-
above the valence band. Again by neglecting the Coulomitent x. The final result is presented in Fig. 4, in which the
interaction between the ionized donors and acceptors, théotted line is the linear extrapolation of data from Ref. 3.
binding energy of the deep level dondtd) involved in the  The solid line is guide to the eyes by including the value in
4.70 eV transition can be calculated frorkp~E, Mg-doped AIN obtained here.
—4.70eV-0.5e¥0.90 eV. With the value of Mg acceptor ionization energy being

Based on the results shown in Figs. 1 and 2, we haveetermined for AIN, we are able to address the issue regard-
constructed the energy diagram for the impurity levels ining the possibility of achieving-type AIN with Mg doping.
AIN, as shown in Fig. 3. The upper iimit of Mdevel in AIN As a consequence of the large valueegf=0.51 eV, only a
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CB achievep-type AIN by Mg doping. It is also interesting to

—7 shallow donor

0.90 e 0.06 eV point out that the binding energy of Mg accep(ors1 eV is
1.81 eV|(70 %) ey don comparable to that of C acceptdd.50 eVj in C-doped
P AIN.?! It was reported previously that low resistive AIN ep-
0 eV ilayers could be achieved by C doping Wwia C fraction as
554V 6.11eV high as 14% of AIN°>22However, we believe that C can no
3.50 eV longer be treated as dopants in that case because such high C
0.17eV 097eV Mg concentrations should instead form AICN alloys.
x T (cateutated) In summary, we have investigated MOCVD growth and
Mg%(exp)am——usx. t . 7’ . o
0.80 eV, (30 %) 0.51 eVE 0.43 optical properties of Mg-doped AIN epilayers. Two emission

lines at 4.70 and 5.54 eV were observed at 10 K, which were
GaN AIN assigned to DAP transitions involving Mg acceptor and two

FIG. 3. Energy diagram showing the impurity levels, including Mg acceptordifferent donors with different energy levels. These assign-

level, in AIN. The upper limit of Mg acceptor level in AIN is estimated to be ments have been confirmed by the time-resolved measure-

about 0.97 eV by lining up its energy levels within the band gaps of GaN
and AIN near the interface of an AIN/GaN heterojunction. The shaded rements at 10 K and the temperature dependence of the PL

gion showsE . predicted by the effective mass theory. 'int.ensities. The binding energy of the Mg acceptor was ob-
tained to be 0.51 eV. As a consequence of the large acceptor
very small fraction 6~ Ea/KT=g~ 0510025 10-9) of the Mg binding energy ofE,=0.51 eV, only a very small fraction

~109 i -
dopants can contribute free holes for conduction at roonﬁ 10_ )MOf Ic\j/lg dgpzlrll\'js _Cl_in be actlvaterz]dlat rt:rorrl_tempera
temperature in Mg-doped AIN. This prevents the determina-Jre N Mg-dope - 1€ average nole efiective mass

o
tion of any free hole concentrations by conventional mea-(mh) n AItNI we}s dc()aguct:ed Iﬁ be .?hb?#t 2Mo ;r?hm t:fe
surements(such as Hall effect and capacitance—voljage experimental value ok together wi € use of the efec-

i . .
Based on the values of the Mg acceptor activation energies ifve l:na?]s ltheor%/.lllTh_e Eﬁgﬂh n %NNalso points to a
Al,Ga _,N shown in Fig. 4, we estimate the hole concentra-SMaller hole mobility in than in GaN.

tion (p) and resistivity(p) of Mg-doped ALGa, N as func- This research is supported by grants from DOE, NSF,

tions of the Al contentx, for a Mg dopant concentration Aro DARPA. and BMDO. The authors also acknowledge
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