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superlattices with average Al mole fraction >20%
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Synchrotron radiation photoemission spectroscopy reveals enhanced oxygen incorporation in
Al,Ga _,N as the Al mole fraction increases. It is shown that the increased oxygen donor
incorporation can result in a conductivity-type change from p-type to n-type in Mg-doped
Al,Ga _,N. Consistent with the conductivity-type change, epitaxiah fBa g\ films exhibit

n-type conductivity despite heavy Mg doping. The p-type conductivity of bullcal _,N with a

high Al mole fraction can be improved by employing,/Sia _,N/Al,Ga _ N superlatticegSLs).

At 300 K, Mg-doped A} 1/Gay gdN/Aly 3¢Gay 64N SLs (average Al mole fraction of 23%exhibit

strong p-type conductivity with a specific resistance of @.6m, a hole mobility of 18.8 cAiVs,

and an acceptor activation energy of 195 meV. 2@04 American Institute of Physics.

[DOI: 10.1063/1.1728322

Highly conductive p-type AlGa N layers with high  Al,Ga _,N/Al,Ga _ N SLs are investigated using the Hall
Al mole fractionx are of crucial importance for various elec- effect. It is shown that Mg-doped Al Gay gdN/Al g 36Gay 4N
tronic and optoelectronic devices including ultravioletV) SLs show p-type conductivity, whereas uniformly doped
light-emitting diodeSLEDs). The attainment of p-type con- Alg,dGa g\ films show n-type conductivity despite heavy
ductivity of Mg-doped A}Ga, _,N, however, has been diffi- Mg doping.
cult due to a large acceptor activation energy of 150-250 The Mg-doped A} /Gy gdN/Alg3GaeN SLs were
meV as well as to a low hole mobility in heavily Mg-doped grown by metallorganic chemical vapor deposition
Al,Ga,_N.*"*The problem is particularly severe wher> ~ (MOCVD) on c-plane sapphire. Undoped GaN buffer layers
20%. This is due to the increase of the acceptor activatiotwvith a thickness of 1.5um were grown first, followed by the
energy and also due to an increase in unintentional dondMo.17/Ga sdN/Alg36Ga 6N SLs doped with Mg. All doped
concentration with increasing For high Al mole fractions, regions have a Mg concentration Nf,,=10" cm™2. The
the O donor concentration could result in insulating or everSLS have 20 periods, a barrier widthlof=25 A, and a well
n-type characteristics of %%7XN despite heavy Mg dop_ width of LWZSO A The average Al mole fraction of the
ing. Neither a theoretical calculation nor an experimentalSLs is &sLg+Xwlw)/(Lg+Lw)=23%. Mg-doped bulk

analysis of this compensation mechanism has yet been préo2d5&.sdN was grown for comparison. Furthermore, bulk
vided. Al,Ga N films (x=0.0,0.12,0.22,0.33) were grown for

In order to improve p-type conductivity in bulk SRPES analysis of O incorporation with increasing he Al

Al Ga,_,N films, Mg doped AlGa,_,N/GaN superlattices mole fractions in the AlGa _,N films were determined by

(SLS have been proposédnd demonstrated to have excel- X-1ay diffraction.
lent acceptor activation resulting in much lower The variable temperature Hall-effect measurements were

resistivity®~ This concept can also be realized for high Al Performed from 220 to 420 K in 10 K increments using the

mole fractions by introducing “GaN-free” AGa, N/ van der Pauw geometry. Pd/Au p-type Ohmic contacts were

Al.Ga,_ N SLs rather than AGa_,N/GaN SLs. Optical deposited using e-beam evaporation. A cryostat was used and

abysorpgi{)n at UV Waveleng;'[)Fls is  reduced inthe magnetic field was 0.5 T. The chemical bonding states at

Al,Ga,_,N/Al,Ga_,N SLs as compared to that in the surface of the AlGa, ,N films were analy_zed using

Al Ga, ,N/GaN SLs, making the former type very attractive SRPES at_ th_e Pohang Accelerator Laboratory in South Ko-

for UV LED and laser applications. rea. .T.he incident photon energy of 600 eV was used for
In this letter, it is shown that, in addition to the deepen—Obta_I'_?]'ggC;ﬁg’C’;lnl:é rﬁ: azti% ’nai?]d anf Cariﬁ;i;ts:deg;aé

. ) ) x

Ing of the acceptor energy, enhanced incorporation of O Ol?unction of Al mole fractionx is shown in Fig. 1. The free-

substitutional N sites occurring at high Al mole fractions, ashole concentratiom in a partially compensated b-tvoe semi-
demonstrated by synchrotron radiation photoemission spec- " P y P P-typ

troscopy(SRPES, plays a crucial role in the conductivity- conductor with acceptor concentratibi , donor concentra-

type change in bulk Mg-doped /B3, N. In addition, the tion Np, and acceptor activation ener@y, is given by
enhancements in hole concentration and mobility in
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Almele fractisnIngl;Gag N X (3 FIG. 2. Relative ratio of bond intensifAl—OJ[AI-N] and [Ga—Q/[Ga—

N] vs Al mole fractionx for Al,Ga,_,N, measured by SRPES. Also shown
FIG. 1. Calculated hole concentration vs Al mole fractiorfor p-type is a relative O concentration vs Al mole fraction.
Al,Ga, _(N. The solid lines represent the hole concentration wikgk- 1
X 10 cm 3, andE,=200 and (176 -36(x) meV, respectively. The open

and solid cjrcles represent the hole concentration_ whékh, grated intensities of GaB Al2p, N1s, and O & spectra
=101 cm3 E,=200 and (176-36(x) meV, respectively. The L . o
squares represent the free electron concentration wheNjtexceeds\, . considering the atomic sensitivity factors of each elenfent.
The relative ratio of Ga—J/[Ga-N] intensity is almost the
ame independent af On the other hand, the relative ratio
f [AI-OJ/[AI-N] intensity and the O concentration increase
simultaneously withx. This provides clear and strong evi-
dence that the incorporation of O atoms with Al is enhanced
with increasingx by occupying substitutional N sites. Oxy-
gen is an omnipresent impurity in the &a, _,N material
system and it has been reported to be responsible for the
background electron concentratithin Al,Ga, _,N, it has
been reported that O atoms occupying N siteg, @ct as
shallow donorg! In addition, Al has strong affinity for O.
Therefore, the background electron concentration in
indicates that the attainment of high hole concentrations il‘f‘IXGai*XN increases due to the enhanc_ed incorporation of O
donors with increasing. As a result, a high degree of com-

Al,Ga, _,N is difficult due to the deepening of acceptor en- i o i h
ergy with increasing. An additional factor is the increase in pensanon' or even a gonduct|V|ty-type conversion, as shown
Fig. 1, is expected in Mg-doped Aba N with high x.

the concentration of compensating O donors with increasing’ . ) ) oo _
x. Linear interpolation oNp=1x10 cm™2 at x=0 and Consistent with this prediction, a bulk fddGay gd\ film

Np=1x 10 cm 3 atx=0.5 (Ref. 19 yields a donor con- exhibits n-type conductivity despite Mg concentration as
centration dependence onof Np=108"18 cm 3 As a  high as Nyg=10" cm™2. The free electron concentration

results, thep decrease rapidly with increasimg as shown by ~ and Gmobjléty of the AbGaeN film were 2.4
open circles[E,=200 me\] and solid circles| E,= (170 X 10 cm~2 and 55.9 cri/Vs, respectively. On the other

+36) meV] in Fig. 1. This indicates an additional im- Nhand, the Mg-doped gk Gay sdN/Alg 365a 6N SL sample
pediment to p-type conductivity in ABa,_,N. Furthermore, shows p-type conductivity, despite averagas high as 23%.
whenNp > N, atX., the film exhibits n-type conductivity, Figure 3 shows the hole concentration and hole mobility of
as shown by squares in Fig. 1. the Mg-doped AJ1/Ga gdN/Alg3GaedN SL sample as a

Figure 2 displays the relative ratio of bond intensity andfunction of reciprocal temperature. The mobility decreases
the relative O concentration in &Ba,_,N as a function of ~Mmonotonically with increasing temperature due to a combi-
Al mole fraction measured by SRPES. The bond intensity ig1ation of phonon scattering and piezoelectric scattering. The
the integrated intensity of each chemical bond, extractediole mobility at 300 K is 18.8 cftVs. This hole mobility is
from the spectral deconvolutions of the G&8nd the Alp ~ comparable to the values (19 &Ws) reported for
spectra. The core level spectra have been decomposed infxGa —xN/GaN SL grown by molecular beam epitagnd
spectral components corresponding to possible bondingigher than the values<(10 cnf/Vs) for Al,Ga_,N/GaN
states of the elements which give rise to different chemicaBLs grown by MOCVD'*2 An effective acceptor activation
shifts of the core level spectra. The spectral line shape wagnergyE, is extracted from a linear fit op vs. 1/T. The
simulated with a suitable combination of the \oigt line acceptor activation energy is determined to be 195 meV,
shapes possessing a Gaussian broadening function whichuch smaller than that of bulk AbdGay 7N, which is 253
give the best fit of the spectra. The relative atomic concenmeV, as calculated frori,= (170+360x) meV!-13

tration of O in ALGa, _,N was determined from the inte- The resistivity of the A,/GaygdN/Alg2dGayeN SL
Downloaded 28 Apr 2004 to 128.113.123.179. Redistribution subject to AIP license or copyright, see http://apl.aip.org/ap /copyrlg%t.jsp

whereN, is the effective density of states at the valence ban
edge. In the calculation, we assumie=300 K, Ny=1

X 10 cm 3, andE,=(170+360x) meV, which is the av-
erage of several values reported in the literattré® For
calculating N,, we estimate my =(0.8+2.7x)m, for
AlLGa, _,N by a linear extrapolation ahy = 3.5m, for AIN
and m; =0.8m, for GaN!* Assuming that the background
donor concentration is independent ok (Np=1

X 10'® cm™3), the p decreases with increasing The p
slightly increases whek,=200 meV due to the increase in
m} and N,, as shown by the solid lines in Fig. 1. This
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FIG. 3. Variable temperature three-dimensional carrier concentration and 10F 15 3
hole mobility of Mg-doped A} ;/Ga, gN/Al g 36Ga 5N SL. The straight line r ; Qcmg
represents a linear fit to the carrier concentration giving an acceptor activa- E .
tion energy of 195 meV. C i i : 3
0 T T T 1 I T T U T 1 FoRO (A N T TR
200 250 300 350 400 450
sample as a function of temperature is shown in Fig. 4. The Temperature T (K)

resistivities at 300 and 400 K are 4.6 and Q&m, respec- FIG. 4. Variable temperature resistivity of Mg-doped oAGa, gdN/
tively. Compared to the Mg-doped bulk (ﬁiﬁ%%{\j,g the  AlosGaedN SL. The inset shows schematic energy band diagram of
Alo 17680 83N/A|03665b 64N SL shows a much smaller resis- Al .1/Ga gdN/Al 3Gay 6N SL with internal polarization fields.

tivity despite a three times higher averageAs originally hibi ) ivity with resistivity of 4
proposed by Schubeet al.®>!?SLs increase the overall hole ibit strong p-type conductivity with resistivity of 48 cm

. and mobility of 18.8 criVs at 300 K. In addition, th&, is

ionize into th | band of th iahbori Qalculated to be 195 meV, much lower than that of Mg-doped
ionize into the valence band of the neighboring narrow- Al »Gay 7N, 250 meV.
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