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Optical and electrical properties of Mg-doped p-type Al ,Ga; _,N
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Mg-doped A|Ga, _,N epilayers with Al content up to 0.27 were grown on sapphire substrates by
metalorganic chemical vapor depositioMOCVD). p-type conduction in these alloys has been
achieved, as confirmed by variable temperature Hall-effect measurements. Emission lines of
band-to-impurity transitions of free electrons with neutral Mg acceptors as well as localized excitons
have been observed in tipetype AlL,Ga N alloys. The Mg acceptor activation energies were
deduced from photoluminescence spectra and were found to increase with Al content and agreed
very well with those obtained by Hall measurements. From the measured activation energy as a
function of the Al contentlE, versusx the resistivity of AlGa, _,N alloys with high Al contents can

be deduced. Our results thus indicated that alternative methods for acceptor activation in AlGaN
alloys with high Al contents must be developed. Our results have also shown that PL measurements
provide direct means of obtaining,, especially where this cannot be obtained accurately by
electrical methods due to high resistance of Mg-dopegdsal_,N alloys with high Al content.

© 2002 American Institute of Physic§DOI: 10.1063/1.1450038

Group lll-nitride semiconductors have been recognizedrons with neutral Mg acceptors in &ba, _,N alloys have
as very important materials for optoelectronic devices suclibeen observed, from which the valueskf{ were deduced
as light emitting diodes and laser diodé®s) for applica- and were found to increase with an increase of Al content.
tions in the short wavelengthg-type doping in GaN and These were found to match very well with those obtained by
AlGaN is considered to be the key to realizing nitride basedHall measurements.
ultraviolet (UV)/blue light emitters. In addition, highly con- Mg-dopedp-type Al,Ga, N epitaxial layers of lum
ductive p-type films are necessary for improving the perfor- thickness were grown by metalorganic chemical vapor depo-
mances of LDs including reducing threshold voltages. Cursition on sapphire substrates with a 30 nm GaN buffer layers.
rently, there is a great need of solid-state UV emitters forThe sources used were trimethylgalliyfMG), trimethyla-
chem-bio-agent detections as well as for general lighting. Iluminum (TMAI) and ammonia. For Mg doping, bis-
such applicationsp-type AlGaN alloys with relatively high  cyclopentadienyl-magnesium (€¥g) was transported into
Al content are indispensable. However, it is difficult to the growth chamber with ammonia during growth. Post-
achieve highp-type conductivity inp-type ALGa 4N al-  growth annealing at 950 °C in nitrogen gas ambient for 8 s
loys due to high activation energy of Mg dopants as well agesulted inp-type conduction, verified by Hall measure-
reduced crystalline quality of the alloys. ments. The Al content was determined by energy dispersive

A few studies have been reported on Mg-dogetype  x-ray measurements. Continuous wdee/) PL spectra were
Al,Ga,_,N with low Al content(x<0.15.1~* It was found measured using a Ti—sapphire laser spectroscopy system
that the activation energids, of Mg acceptors in Mg-doped with an average output power of about 40 mW, photon en-
AlLGa N, all determined by variable temperature Hall ergy of 4.66 eV, and a spectral resolution of about 0.2 meV.
measurements, increased with the increase in Al contenEor time-resolved measurements, a streak camera detection
Due to the increased Mg activation energy, it has been diffisystem with time resolution of 2 ps was used. Details of the
cult to achievep-type conductivity in AlGa,_,N with high  laser system setup are described elsewhere.
Al content. In addition, no direct observation of band-to- Figure 1 is the room temperature PL spectra of the Mg-
impurity transition of free electrons with neutral Mg accep- dopedp-type AlL,Ga, _,N for x=0.22 after anneal of 950 °C
tors in p-type GaN or AJGa, _,N has so far been reported. for 8 s and shows two emission peaks at 3.2 and 3.62 eV. The
Because these materials are of great importance in realizingmission peak at 3.2 eV is the main peak and in some of the
nitride-based optoelectronic devices, studies that could prasamples studied, this was the only peak observed. The 3.2 eV
vide better understanding and realization of highly conduciransition has been well documented in Mg-dopedype
tive p-type GaN and AlGa _,N are urgently needed. GaN, which is located at 2.95 @A further anneal at 600 °C

In this letter, we report the growth and characterizationfor 2 min in nitrogen gas resulted in the spectrum shown in
of Mg-doped AlGa 4N alloys. Electrical studies have re- Fig. 1(b) where the peak at 3.2 eV is now reduced signifi-
vealed that we have achieve@-type conduction in cantly at room temperature. The peak at 3.62 eV is slightly
Al,Ga,_,N for x up to 0.27. Photoluminescen¢BL) emis-  redshifted to 3.60 eV but is now predominant, with about an
sion lines due to band-to-impurity transitions of free elec-order of increase in the emission intensity.
Figure 2 shows room temperature PL spectra of the Mg-

dauthor to whom correspondence should be addressed; electronic maiF.jOp_ed p-type ALGa _,N for XZO-_22a 0.25, and 0.27, fol-
jiang@phys.ksu.edu lowing the two-step anneals described above. As can be seen,

0003-6951/2G02/80(7)/1210/3/$19.00 1210 © 2002 American Institute of Physics



Appl. Phys. Lett., Vol. 80, No. 7, 18 February 2002 Li et al. 1211

12 . . . . 0.38 —— : . ' . :
-Al . Ga N 1
101 P-Aly 2,53, 7 i 0364 10 x=0.27 4
8{ 950°Ci8sec My F~3.62eV] { . E,=031ev
ag 034 f 10 :
64 (a) .” ‘ ¥ b o
4 / 3.20 eV :. 0.32 4 [=1) 10[5 i
~ 24 / :‘ g 1 @ 1
] ' o 0309w .
S R ——yy B o] 2 3 4 35 6 1
£ . = . -
= 801 () H ; g =7 1000/T (K) O ]
. 0.26 O -
60{ 950°C/8sec - £ 1 A 1
. <
] T it 2 024 ]
600°C/2min ] 2 ] i
204 —// 3 %0 0.22 A p-Al Ga, N i
0 - = 0.20-] A B Refl ]
20 25 30 35 40 45 ] ] A Ref 3 |
E(eV) 0.18 4 O  This work -
1 ® This work
FIG. 1. Room temperatur€800 K) PL spectra of the Mg-dopeg-type 0.16 ] i
Al,Ga, _,N for x=0.22 (a) after anneal of 950 °C for 8 s arn) after a . Y jGaN
second anneal at 600 °C for 2 min. 0.14 T . T T T . T
0.0 0.1 0.2 0.3
Al Content (x)

the emission intensities of these spectra decrease with in-
prease Inx, a phenc.)me.non we opserved.prev.loqalryhlch. FIG. 3. Activation energies of Mg acceptors in Mg-dopgdtype
is related to reduction in crystalline quality with increasing Al,Ga,_,N as a function of Al content. Closed squares and triangles are
X. The emission peaks are observed at 3.615, 3.667, arftta from Refs. 1 and 3, respectively, while closed circles are data from this
3.682 eV forx=0.22, 0.25, and 0.27, respectively, which arewqu, all obtained by Hall measure_ments. Opep circles indicate data ob-
. tained by PL measurements from this work. The inset shows measured tem-
greater than the pan_d edge transition of 3.42 _eV for_GaN. V\/_%erature dependence of Hall concentratipnin the Mg-doped p-type
assign these emission lines to the band-to-impurity transiAl,,Ga, 7N sample from whichE,=0.310 eV was obtained.

tions for the recombination of free electrons with neutral Mg

accgptors in A‘IGB?“XN' With the origin of t.hege peaks. thus 0.279, and 0.311 eV corresponding to Al contents 0.22, 0.25,
assigned, the activation enerBy(x) of the ionized Mg im- and 0.27, respectively, are obtained. It is expected that dif-

purity in Al,Ga,_«N can be deduced simply by the differ- ferent choices of the bowing parameterwould result in
ence be‘Fween the Energy gEQ(X{ ané:i the observed band- variations in theE 5 values. However, because the Mg accep-
to-lmpur|ty emission peal'<E(e A7) Eg(x) can be tor level in AIGaN alloys is quite deep, the uncertainties in
estimated from the expression E, values due to different choices bfare not very signifi-

Eg(X)=(1-X)Eg gant XEg an—bXx(1—X), (1) cant. For example, the above optically determigdvalues
from Eq. (1) will be reduced by about 17-20 meV if the
bowing parameteb=1 is used. The values d&, we ob-
tained in the above manner are plotted as a function of Al
content x in Fig. 3, together with those reported
previously!? all obtained by means of variable temperature
Hall measurements. Also shown in this figure are data points
for p-GaN and forp-Alg ,/Ga, 74N where we determinel 5

andEx(x)=Eg4(x) — E(e™,A. In the above expression, we
use widely accepted value of the energy gap for GaN
Eg can=3.42 eV, for AIN, E4 An=6.20 eV, and of the bow-
ing parameterb=0.90% With these,E, values of 0.262,

gg: p-AlGa, N fl\3.615 Y : by variable temperature Hall measuremei4d5 and 0.309
1g] T300K i @ eV, respectively. The measured temperature dependence of
101 £ ] Hall concentration ) in the Mg-doped-type Aly »/Ga 79N
5] // "\ x=022 ) sample is shown in the inset of Fig. 3, from which a value
18_ — ] E,=0.310 eV was obtained. Since the hole concentrations in
5 10 "T‘ 3.667 eV : AlGaN alloys are relatively low and impurity band formation
3:',_ g: J;' '1_ ® ] is not likely, our results o, deduced from the PL spectra
8 4l //" ‘-.\ —025 ] match quite well with those obtained by Hall measurements,
(2)- _ N which further corroborates our assignment that the observed
8 /36826 transitions between 3.62 and 3.68 eV in Fig. 2 are band-to-
6 oy [ © impurity transitions of free electrons to the neutral Mg ac-
4] o b ; ceptors. The increase &f, with increase in band gap energy
2] N, X=027 for the lll-nitrides has been reported previously in other
ol B studie$*°and is predicted by the effective mass theldry}?
30 32 34 35(;)8 40 42 44 As a comparison with our results, the valueEf estimated

from the effective mass theory for=0.25 for example, is
FIG. 2. Room femperatur800 K) cw PL spectra from Mg-doped-tvpe between 0.263 and 0.294 eV, which agrees well with the
Al Ga, N for (a) x=0.22,(b) x=0.25, and(c) x=0.27. measured value of 0.279 eV.
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: exponentials, with lifetimes of 0.18 and 1.5 ns. The differ-
7] ?'510-(2)21?30-78]\13 307 eV ence in the decay dynamics of these two peaks is an indica-
I tion that the origin of the 3.327 eV line is different from that
61 /‘x. ] of the 3.623 eV line. The orders of the measured decay life-
~ 54 {0y 36236V times of the 3.623 eV line are consistent with the assigned
fg 4 ‘ ; optical transitions described above.
:g ;o From the measureé&, versusx in Mg-doped p-type
31 / 1 Al,Ga _,N, the resistivity versug can be estimated as fol-
2. N : i lows:
T 3.823eV
14 \'L : p(ALGa _N)=poexp(EA/KT)
0 , . = po eXP{[EA(GaN) + AEA]/KT}
25 30 35 40 45
E(V) =p(GaN){exp(AEA]/kT)}, 3)
FIG. 4. Low temperaturd10 K) cw PL spectrum of Mg-dopegp-type ~ Where AEx=E(Al,Ga - xN) —EA(GaN) and our best
Al Gay N with x=0.22. p-type GaN has typical resistivityp(GaN), of about 1.0

Q cm. From Eq(3), the resistivity of AlGa N alloys with
Figure 4 shows low temperatuf@0 K) PL spectrum of higher values ok can be deduced. For example, if the trend

one of the samples witk=0.22, where three emission peaks in Fig. 3 holds fqr highevx, at Al contentx=0.45, the "’_‘Cti'

at 3.327, 3.623, and 3.823 eV were resolved. The peaks olfaliON €NErgyE, is estimated to be 0.4 eV and the estimated
served at 3.327 and 3.623 eV are the same transitions 48SiStivity should be as high as 20" Q.cm. Our results
those observed at 3.20 and 3.62 eV at 30[Fi. 1(@)]. The thus indicate that alternative methods for acceptor activation

peak at 3.823 eV is believed to be due to the recombina\tioHI AlGaN alloy_s V‘_’ith high Al content_s ha_ve tq be O_Ieve_loped.
of localized excitons, with the peak enerf given by The exponential increase of the resistivity witlE, implies
that the Hall measurements can no longer be used to measure

Ep=Eg—Epx—Eioc, (2)  the activation energy of AGa, _,N alloys with high Al con-

whereE, is the energy gap as defined in Ed), E,, is the tents where resistivity becomes very high. However, with the
g ' X . . . o

excitonic binding energy, anH,. is the localization energy observation of band—.t0—|mpur|ty transition, thg PL. method
of the localized exciton. For=0.22, the valu€,=3.877 eV would be the alternative method for the determination of Mg
is obtained from Eq(1). With estimated values dE,, =25 acceptor activation energy. _ S
meV andE,.=30 meV/ a value ofE,=3.822 eV is obtained In summary, we have obtaingu-type conductivity in
for x=0.22, which matches very well with the observed Mg-dope_d ALGal*XN fo_r_x up to 0.27. The PL Spe_c”a show
emission peak3.823 eV in this spectrum, supporting our band-to-impurity transitions of free electrons with neutral
assignment of localized exciton for this emission line. Mg acceptors in the AlGa_xN. The values of activation

The dynamics of the optical transitions in the Mg-doped€"€"3Y Ea of the ionized Mg impurity in AlGa,_xN de-
p-type AlLGa, N was investigated by measuring the PL duced from these spectra match quite well with those ob-
temporal response of one sample with0.22 at 10 K. The tained from Hall measurements and increase with an increase

data for the transient measurements at emission peaks 3.397A! content, as predicted by the effective mass theory.
and 3.623 eV are shown in Fig. 5. The decay at 3.327 eV can  Tne authors wish to acknowledge support by grants from

be fitted quite well with a single exponential giving a life- pARpPA ARO. ONR. BMDO NSF (Grant Nos. DMR-
time of 2.8 ns, while that at 3.623 eV can be fitted with two 9902431 and INT—‘,:’)729582, and DOE (Grant No.

96ER45604/A000
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