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Properties of Al ,Ga;_,N layers grown by plasma-assisted
molecular-beam epitaxy under Ga-rich conditions

L. He, M. A. Reshchikov, F. Yun, D. Huang, T. King, and H. Morkog
Department of Electrical Engineering, Virginia Commonwealth University, Richmond, Virginia 23220

(Received 7 May 2002; accepted for publication 15 July 2002

AlLGa N films were grown by plasma-assisted molecular-beam epitaxy0001) sapphire
substrates under Ga-rich conditions. To control thgGal - N composition over the entire range,

the Al and Ga arrival rates were fixed while the nitrogen arrival rate was varied. We have found that
the Al fraction increased with decreasing N flow due to preferentially favorable bonding of Al and

N over Ga and N. Consequently, the growth rate decreased as the Al mole fraction increased. A
photoluminescence quantum efficiency at 15 K was markedly higher for tf@aAl,N layers

grown under Ga-rich condition8%—48% compared to the layers grown under N-rich conditions
(1%-10%, indicating much reduced nonradiative recombination in samples grown under Ga-rich
conditions. ©2002 American Institute of Physic§DOI: 10.1063/1.1506206

Owing to its tunable gap, the Aba _,N alloy is of strate temperature of 850 °C. The substrate temperature was
paramount interest for optoelectronic devices, as the flurry othen lowered to 750 °C for the growth of &g _ N layers.
activity during the past few years indicateShe band gap of An overabundant Ga flugwo Ga sourcesand moderate N
this material, which is direct, lies in a typical range of 3.42 pressure were kept to maintain N-limité@a-rich growth
(x=0) to 6.2 k=1) at T=300 K.2 Devices that employ conditions. The Al mole fraction in the alloy was controlled
Al,Ga _,N layers include light-emitting diodes,laser by fixing the Al and Ga source temperatures and varying the
diodes? UV photodetectors?® and heterojunction field-effect N flow. Variation of the nitrogen partial pressure in the MBE
transistor$” In all of these devices, the fBa_,N alloy ~ chamber in the range of 2107 °-9x10° Torr during
constitutes a pivotal component and determines such propegrowth provided AlGa 4N with almost a complete range
ties as carrier and light confinement, and sheet carrier densi§f X. A similar growth regime has been previously employed
at heterointerfaces. With the recent advent of shortfor growth of Ga- and N-rich AlGa,_xN by MOCVD (Ref.
wavelength sources and detectors, AlGaN is increasingly:0) and MBE;? although in other cases the attempts to con-
taking the role of active emission and absorption medium a§©! the Al mole fraction were undertaken by varying the Al
well. Though a number of these devices have been reporte@€ll temperaturé;> Ga cell temperaturg both Ga and Al
there are still serious issues to be addressed. Among them figxes with the fixed Al/Ga ratid;" and Al/Ga ratio with the
the deteriorating radiative recombination efficiency with in- fixed total flux For comparison, we have grown a few
creasing Al contefitand control of the mole fraction. The €Pilayers under nitrogen-rich conditions, where only one Ga
influence of growth conditions on the aluminum mole frac-SOurce was used and the mole faction was changed by vary-
tion and the quality of the AGa, N film were studied in "9 the Ga or_AI flux or both,_ in an overabundant N_flux.
detail in the case of metalorganic chemical-vapor deposition | "€ @luminum mole fractior of the Al,Ga _xN epilay-
(MOCVD).21° Molecular-beam-epitaxyMBE) growth of  ©rs was evaluated _from the peak separation b_etween GaN
Al,Ga_,N on sapphire is less well understood, except ford"d AlGaN peaks in the XRD curves, assuming that the
some regularities of the growth established for the MBEYaration of the lattice parameterbetween GaN an’d AlN is
growth employing the electron cyclotron resonance_proportlonal .to the aluminum mole fractm(h/egargls lawy.

Representative samples were cross checked with secondary

microwave plasma source of nitrogEnin this letter, we ion mass spectroscopy and Rutherford back scattering, which
report on the growth and properties of,8la; ,N epilayers . . '
P g prop xS epray resulted in good agreement with the XRD dteSteady-

deposited on000)) sapphire substrates by radio-frequency . . . : )
(rf) plasma-assisted MBE under Ga-rich conditions for astate PL was excited with a third harmonic of the Ti-

wide range of aluminum composition®.13—-0.92. X-ray isnappir:re;asoegzllianmoﬂzgﬁ:zﬁja?;aalrfgodrgiii{g] dm grat—a
diffraction (XRD), and photoluminescencéL) analyses 9 ) y

. . photomultiplier tube.
were c.arrled.out.to evaluate the properties of theGa N In Fig. 1, the dependence of the Al mole fraction in
under investigation.

. . Al,Ga _,N epilayers grown under Ga-rich conditions at con-
Th_e AkGa N epilayers StUd'ed. Were grown @OOD stant substrate temperature is shown versus the MBE cham-
sapphire substrates by plasma-assisted MBE using CONVeRa, pressure determined by N flow. The Al mole fraction is

tional effusion cells for the metallic species and a rf plasm%bout inversely proportional to the N flow, and the Al con-

source for the nitrogen. In all samples, a nominal 50-nM<gn4ation increases rapidly when the pressure is lower than

thick AIN buffer layer was deposited on sapphire at a subyw 10-6 Torr. This phenomenon can be explained by pref-
erential formation of the AIN component in the &a N
@E|ectronic mail: mreshchi@saturn.vcu.edu alloy under Ga-rich growth conditiort&!* Indeed, since the
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FIG. 1. Aluminum mole fractiorx in Al,Ga _,N alloys as a function of grown under Ga-rich conditions.

nitrogen plasma pressure under Ga-rich conditions. Temperature of the Al
cell is 1005 °C. Temperature of the two Ga cells is 1125 °C. fractions, we studied the properties of,Bia, _,N epilayers
grown under nitrogen-rich conditions as well. The Al com-

Al-N bond is stronger than the Ga—N bond, it is reasonabld0sition in this regime was controlled by varying the Ga
to surmise that the available N would preferentially be used0urce temperature with a constant Al flux for practical rea-
to form AIN. The remaining N would then form the GaN SOns. In this regime the Al mole fraction in &g _,N re-
bonds for the alloy. Consequently, the N arrival rate wouldMained the same with increasing the N pressure, since it is
determine the mole fraction in the presence of an abundastétermined by Al and Ga fluxes at a given substrate tempera-
amount of Ga on the surface in some range of substrate terf#'®- The N flow rate beyond a certain point, which is deter-
peratures. As expected, under these conditions, the Al mol@ined by what is sufficient to satisfy bonds with the avail-
fraction in Al,Ga,_,N remained the same even with increas-able Al and Ga species, does not seem to have a notable

ing temperature of the gallium sources. effect on the surface kinetics to cause a change in the mole
Figure 2 shows the growth rate limited by both Al and N fraction under the conditions employed here.
fluxes as a function of Al mole fraction in AGa,_N. The An example of temperature-dependent PL spectra of the

growth rate decreases markedly with increasingpproach-  AlxGa-xN layer grown under Ga-rich conditions with an Al
ing typical growth rates of GaN and AIN in metal-rich con- Mole fraction of 0.13 is shown in Fig. 3. PL spectra of _aII the
ditions whenx approaches 0 and 1, respectively. With de-AlxGa -xN layers grown under Ga-rich conditions indicated
creasing N flux, the growth rate decreased as expected féglatively broad near-band-edge emission peaks and defect-
the Ga-rich conditions. Since Al preferentially bonds with N, 'élated bands in the green and blue regions at low tempera-
a smaller amount of the remaining N is available for the GaNures. Interestingly, the width of the main peak decreased
component of the alloy at low N flow, the GaN component isWith increasing temperature due to fast quenching of its
reduced thereby increasing the Al mole fraction and reducin?'gh'e”ergy side: the full width at half maximum decreased
the overall growth rate. rom 93 to 63 meV in the temperature range between 15 and
For a comparative analysis, albeit limited to a few mole100 K for the sample depicted in Fig. 3. This phenomenon
can be explained by the existence of compositional fluctua-
tions in ALGa,_«N. Indeed, the narrowing of the emission

05 peak with temperature due to quenching of its high-energy
side can be attributed to thermal release of free carriers from
0.4 the shallower short-range wells and their percolation into the
[ deeper ones caused by local compositional fluctuatibns.
£ PL intensity for the samples grown under Ga-rich con-
E 03¢ ditions generally quenched at higher sample temperatures, as
Py compared to the N-rich samples. The quenching behavior of
g 021 PL from Ga- and N-rich AlGa, N for two samples with
§ similar Al composition is compared in Fig. 4. The quantum
g efficiency of PL at 15 K was markedly higher for the
0.1r AlL,Ga _,N layers grown under Ga-rich condition8%-—
48%) compared to the layers grown under N-rich conditions
00— . S (1%-10%. These values, in turn, are much higher than the
0.0 0.2 0.4 06 08 1.0 radiative efficiencies obtained by us for a large set of GaN
Aluminum mole fraction x layers (Ga polarity grown in similar conditions: 0.01%-—

0 i 0—20, -ri im-
FIG. 2. Growth rate of AlGa, N alloys as a function of nitrogen plasma 0.3% for Ga-rich and 0.1%-2% for N-rich GaN. Such im

pressure under Ga-rich conditions. Temperatures of Al and Ga cells are tHafovement f)f rao_liative efficiency in fBa _,N, especially
same as in Fig. 1. under the Ga-rich conditions, point to a reduced density of



2180 Appl. Phys. Lett., Vol. 81, No. 12, 16 September 2002 He et al.

This work was supported by grants from N$bBr. U.
o924 g o] Varshney and Dr. L. He$s ONR (Dr. Y. S. Park, and
] AFOSR (Dr. G. L. Witt and Dr. D. Johnstone

1. strite and H. Morkgcd. Vac. Sci. Technol. B0, 1237(1992.
2F. Omnes, N. Marenco, B. Beaumont, and Ph. De Mierry, J. Appl. Phys.
80 meV E 86, 5286(1999.
3S. Nakamura, T. Mukai, and M. Senoh, Appl. Phys. L&#.1687(1994).
4S. Nakamura, M. Senoh, S. Nagahama, N. lwasa, T. Yamada, T. Mat-
sushita, Y. Sugimoto, and H. Kiyoku, Appl. Phys. Let6, 616 (1997).
5M. Razeghi and A. Rogalski, J. Appl. Phy&9, 7433(1996.
L 1 L 1 1 8H. Morkog, A. Di Carlo, and R. Cingolani, Solid-State Electrat, 157
20 30 40 650 60 70 (2002.
10%T (K'Y "Hadis Morkag in SiC Materials and DevicesVillardson and Beer Series,
Vol. 52, edited by Y. S. ParkAcademic, New York, 1998 pp. 307—-394.
FIG. 4. Temperature dependences of PL quantum efficiency for the®G. Coli, K. K. Bajaj, J. Li, J. Y. Lin, and H. X. Jiang, Appl. Phys. Let8,

Al,Ga,_N layers grown under Ga-risample svt924and N-rich(sample 1829(2009).
svt835 conditions. 9S. C. Choi, J.-H. Kim, J. Y. Choi, K. J. Lee, K. Y. Lim, and G. M. Yang,

J. Appl. Phys87, 172(2000.
103, R. Jenny, J. E. Van Nostrand, and R. Kaspi, Appl. Phys. [&ft85
dislocations, although carrier confinement cannot be ex- (1998.
cluded. HE. lliopoulos, K. F. Ludwig, Jr., T. D. Moustakas, and S. N. G. Chu, Appl.
. . Phys. Lett.78, 463 (200D).

|!‘1 conclusion, we demonstrated that th? aluminum m0|ezs. Nikishin, G. Kipshidze, V. Kuryatkov, K. Choi, lu. Gherasoiu, L. Grave
fraction can be well controlled over the entire alloy compo- de Peralta, Z. Zubrilov, V. Tretyakov, K. Copeland, T. Prokofyeva, M.
sition range by nitrogen flow rate in MBE growth of Holtz, R. Asomoza, Yu. Kudryavtsev, and H. Temkin, J. Vac. Sci. Technol.

o .. _ B 19, 1409(2001).
Al,Ga ,N alloys under Ga-rich conditions. PL measure 135 Yoshida, S. Misawa, and S. Gonda, J. Appl. PEs 6844 (1982,

ments reveal_ very high radiative efﬁCienCy inxgal*XN 14H. Angerer, D. Brunner, F. Freudenberg, O. Ambacher, M. Stutzmann, R.
grown by this method. Compared to a few,&k _,N Hopler, T. Metzger, E. Born, G. Dollinger, A. Bergmaier, S. Karsch, and
samples grown under N-rich conditions and a large number H.-J. Kaner, Appl. Phys. Lett71, 1504(1997.

P . - 15F. Yun, M. A. Reshchikov, L. He, T. King, H. MorkoS. W. Novak, and
of GaN layers grown in different conditions, the nonradiative L Wei. J. Appl. Physi(to be publishel

recombination is _markedl_y_ reduced in ,@a N films 15 p |'evanyuk and V. V. Osipov, Usp. Fiz. Nadid3 427 (1981 [Sov.
grown under Ga-rich conditions. Phys. Usp24, 187 (1981)].

PL Efficiency (%)




	Virginia Commonwealth University
	VCU Scholars Compass
	2002

	Properties of AlxGa1−xN layers grown by plasma-assisted molecular-beam epitaxy under Ga-rich conditions
	L. He
	Michael A. Reshchikov
	F. Yun
	See next page for additional authors
	Downloaded from
	Authors


	tmp.1429645644.pdf.3N2bZ

