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Al sGay sN/GaN heterostructures were grown by metalorganic chemical vapor deposition on
sapphire substrates. Time-resolved photoluminesc@tigeemission spectroscopy was employed to
study the optical properties of these samples. A very strong and broad emission band was observed
under high excitation intensityl {(=10* W/cn?) and its spectral peak position varies from 3.382

and 3.444 e\(at 10 K) depending on the top AlGaN layer thickndds This emission line is related

to the recombination between the two-dimensional electron(2faEG) and photoexcited holes in

Al sGay sN/GaN heterostructures. In a sharp contrast to the AlGaAs/GaAs heterostructure system in
which the PL emission line associated with the 2DEG is observable only at low temperdtures (
<20 K), the 2DEG emission line in ALGa, sN/GaN heterostructures is observable at temperature

as high as 220 K. This is due to the strong piezoelectric polarization and deep triangular potential
resulting from the large band offset in high Al content AlGaN/GaN heterostructures. For
Al,Ga,_,N/GaN (x=0.5) heterostructures witth=110 A, five emission lines were resolved at 10

K at emission energies 70, 97, 126, 157, and 216 meV below the GaN bound exciton peak under a
low excitation intensity(10 W/cnf), due to the recombination between the 2DEG electrons in
different subbands and photoexcited holes. 2@2 American Institute of Physics.
[DOI: 10.1063/1.1504881

Although remarkable progress has been made in II{MOCVD) on sapphire(000) substrates with GaN buffer
nitride semiconductors, Al-rich AGa, _,N/GaN heterostruc- layers. These samples consist of arh-thick undoped GaN
tures have been less studied and understood. Materiagpilayer, followed by a 5-A-thick undoped @MGasN
growth and fundamental understanding of optical and elecspacer layer, again followed by the top Si-doped &g, 5N
trical properties of high Al content AGa,_,N/GaN hetero- layer with varying thickness from 55 to 140 A. The targeted
structures are of crucial importance for fabricating high tem-Si doping concentration for the top AlGaN layer was 5
perature and high power electronic devices as well as<10'® cm™3. Atomic force microscopy(AFM) was em-
optoelectronic devices. There have been a number of studig$oyed to examine the surfaces of these samples. Variable
aiming at the understanding of the transport properties ofemperature Hall measurements were used to measure the
Al,Ga,_,N/GaN heterostructures? very little work, how- 2DEG mobility and the sheet carrier density of
ever, has been reported about the optical properties dMosGa gN/GaN heterostructures. A deep UV picosecond
Al,Ga,_,N/GaN heterostructuré¥ and of high Al content time-resolved Iasgr spectroscopy system was employed to
Al,Ga _,N/GaN heterostructures in particular. study the optical properties of MGaN/GaN

Optical properties related to two-dimensional e|ectronheterpstructure%.
gas (2DEG) in Al,Ga_,As/GaAs heterostructures have .F|gure 1 presents the low temperati® K) PL spectra
been well studied-” A photoluminescencéPL) peak related  ©f five AlosGaysN/GaN heterostructure samples with vary-
to 2DEG in ALGa _,As/GaAs k= 0.6) heterostructures, the ing thickness(d) of the top S"dOPe,d AlGaN layer. Two or
H band, was observable only at low temperaturds ( three peaks have been.observed_ in each sample. The well-
<20K).> On the contrary, we expect to observe the F,Lknown donor bound exciton peak in GaN is located at 3.482

emission line associated with the 2DEG in @k ,N/GaN evin gach spectrum. Howgver, anqther strong and broad
: . . band with spectral peak position varying from 3.382 to 3.444
heterostructures, particularly in  high Al content

Al,Ga, _,N/GaN heterostructures, at higher temperaturesev depending on the top AlGaN layer thickness is also

. L resent. We believe that this emission line is due to the re-
(T>20K), because of the strong piezoelectric field near thé) N eV ! 1Ssion fine 1S du
. . . combination between the 2DEG and photoexcited holes. The
heterointerface as well as the strong carrier confinement r

e- T N
. I hat the PL h
sulting from the large band offset of &ba,_N/GaN het- general trends are that the emission intengiewidth)

decreasegincreases with increasingd. This is due to an
_erostructures. Indeed, tiéband was observable up to 60 K increased dislocation density with increasthgs a result of
in Al,Ga _,N/GaN (x=0.22) heterostructures.

increased lattice mismatch between AlGaN and GaN. AFM

In this letter, we present the grovv_th and optical StUdiesstudies reveal that the rms of surface morphology also in-
of Al,Ga, _,N/GaN heterostructures with=0.5. A total of creases with increasing, varying from 1.5 nm ford

five samples of AJsGasN/GaN heterostructures were _gg & 15 2 6 nm ford=140 A, which further corroborates
grown by metalorganic chemical vapor depositionie p| results. However, Hall measurements revealed that
the samplgKSU A-166,d=110 A) has the highest electri-
¥Electronic mail: jiang@phys.ksu.edu cal quality, that is, among the different structures the sheet
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FIG. 1. Low-temperaturél0 K) cw PL spectra of AJsGa, sN/GaN hetero-
structures with different top AlGaN layer thicknesges is consistent with a previous observation in low Al content
(x=0.22) ALGa_,N/GaN heterostructuresT& 60 K).° It
conductivity was highest for this sample. Thus we have chois striking that the PL emission associated with the 2DEG in
sen the sampléKSU A-166,d=110 A) for more detailed Al,Ga_,N/GaN (x=0.5) heterostructures is observable
PL studies, and the results are discussed below. even at 220 K, while the 2DEG emission line in
Figure 2 shows the PL spectra of angAGa sN/GaN  Al,Ga _,As/GaAs k=0.6) heterostructures diminishes at
heterostructure sample with=110 A measured at different temperatures greater than 20°Rhis result reflects the fact
temperatures from 10 to 300 K. The emission line at 3.393hat AlL,Ga _,N/GaN heterostructures have stronger piezo-
eV (10 K) is attributed to the recombination between theelectric polarizations as well as much deeper triangular po-
2DEG and photoexcited holes. Although the peak positiongentials than AlGa _,As/GaAs heterostructures, resulting
of both emission linef2DEG and thel, line of GaN at from larger band offsets and lattice mismatches of
3.482 eV at 10 Kare redshifted with increasing temperature, Al,Ga, _4N/GaN heterostructures.
the energy separation between the 2DEG PL peak and GaN PL emission spectra of the #lGa, sN/GaN heterostruc-
|, peak tends to decrease with increasing temperature, whidhire sample have been measured at 10 K under different
excitation intensitiesl(,y, varied over two orders of mag-

77T nitude. Figure 3 shows a semilogarithmic plot of the spectral
3.420eV l Al Ga N/GaN peak position Ep) of the dominant 2DEG emission line as a
_,' d— 110A ] function of excitation intensity. An approximately linear de-

pendence oE, with logle,. is observed and is consistent
with the result seen in low Al content Aba, _,N/GaN (x

4 T=300k -~
] J =0.22) heterostructurés.
T=220K ,/‘ \__ Figure 4a) shows PL emission spectrum of the

7 . Al Ga, sN/GaN (d=110 A) heterostructure under a low in-
Eiﬂ'ﬁ_.f—j ; ] tensity excitationl o (I exc=10 W/cnf) measured at 10 K.

Five emission lines were observed at emission energies 70,

] Ei"."_...-N kN ] 97, 126, 157, and 216 meV below the Gapeak (3.482
\, eV). These emission lines are due to the recombination be-
T=50K AN tween 2DEG electrons in different sublevels and photoex-

cited holes in the valence band. The solid line in Figdn)4s

<mi

I (A.U)

A

T=30K \ n the least squares fit of five emission energy peak positions
3395 e ] with equatioff
T=10K / \ [ 3482eV B2\ 183 oF 51128
31 32 33 34 35 36 37 E=(2m) 3[ 2 (”+4) +c, n=12,.., @
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wherem is the electron effective masB,is the total electric

FIG. 2. PL spectra of & representative, Aka, -N/GaN hefercstructure with field in the triangular potential well of AGa, _N/GaN het-
d=110 A (KSU A-166) measured from 10 to 300 K. erostructures) is the index of the subband for electrons, and
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Electron Sub-band (n) FIG. 5. Emission energy dependence of the decay lifetime of the 2DEG
emission line measured at 10 K. The time-integrated emission spectrum is
FIG. 4. (a) Low-temperaturg10 K) PL spectrum of an AlsGa, N/GaN also shown. The inset shows the temporal responses of the PL emission
heterostructure under low excitation intengity) W/cn?) and five emission  measured at several different emission energies.
peaks are resolvedb) The least squares fisolid line) of the observed five .
emission peak positionsolid squareswith Eq. (1). was observed in AlGa sN/GaN heterostructures. The
2DEG PL emission peak was observable at temperatures as

. S , high as 220 K, indicating strong piezoelectric polarization
cis a constant which is determined by the energy gap of Gal 4 deep triangular potential notch in, G, ,N/GaN (x

as well as by the total band bending. The magnitude of pi-_ 0.5) heterointerface. A total of five emission lines related

ezoelectric field has been measured to be aI’Ol_Jlnzd 0.5 _MV/Cr\pvith the 2DEG in AlGa, ,N/GaN (x=0.5) heterostructure
for Al,Ga,_,N/GaN (x~0.25) heterostructuréS-*?The fit-

4 val £90 kv/em for thi | low for th have been observed under low laser excitation intensity,
ted value o ,90 V cm 9” IS Sample Seems too ow or.t €which correspond to the recombination between the electrons
total electric field in the triangular potential in g0 jitferent subbandén=1 to 5 in the conduction band
AIXEQ*XN/ G‘_""N hfetﬁros:ructures, Vr\]’h'Ch we _behelve IS dueand the photoexcited holes in the valence band. The total
to the screening of t ee ectrons. The screening electrons fectric field of 90 kV/cm has been obtained in the triangular
transferred from the Si-doped AlGaN top layer to the well of otential well of ALGa,N/GaN (x=0.5) heterostructures,

Al,Ga, _,N/GaN heterostructures. Hall effect measurementg/hiCh shows that the effect of electron screening is very

reveal that the 2DEG sheet densities in this set. 0 trong in Al-rich AIGaN/GaN heterostructure system.
Al sGay sN/GaN heterostructure samples are very high,

around 1.<10'" cm 2, which corroborates our charge This research is supported by grants from BMDI.
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inset of Fig. 5 shows the temporal responses of the PL emis; ) ) ) )

sion measured at several different emission energies, WhiCh%eanLc;i JB'L[_; Ll'th('l;é?)J'a”g’ M. A. Khan, and Q. Chen, J. Vac. Sci.

reveal that the decay kinetics can be well described by single| p, Smorchk’ova, S. Keller, S. Heikman, C. R. Elsass, B. Heying, P. Fini,

exponential functions, from which the PL decay lifetime can J. S. Speck, and U. K. Mishra, Appl. Phys. Létt, 3998(2000.

be deduced. Fig. 5 shows the low temperat(ir@ K) PL 3B. Shen, T. Someya, O. Moriwaki, and Y. Arakawa, Appl. Phys. L.

decay lifetime measpred “”qer_ high laser eXCitation“??i@SS&’nan, T. Lundstne, B. Monemar, H. Amano, and I. Akasaki,

(10* W/cn?) as a function of emission energy for the 2DEG Appl. Phys. Lett.69, 3456 (1996.

emission line in A|Ga _,N/GaN (x=0.5) heterostructures. °Y.R.Yuan, M. A. A. Pudensi, G. A. Vawter, and J. L. Merz, J. Appl. Phys.

A time-integrated PL emission spectrum is also shown. The,58 397(1985.

6
PL decay lifetime varies between 0.04 and 0.48 ns. At the i}?i?f;%rgén’ Q. X. Zhao, P. O. Holtz, and B. Monemar, Phys. Reg, B

higher energy side of the emission peak, the decay lifetime’wei Li, zhanguo Wang, Aimin Song, Jiben Liang, Bo Xu, Zhanping Zhu,

increases with an increase of emission energy, which may bgWanhua Zheng, Qiwei Liao, and Bin Yang, J. Appl. Pr§8.397(1985.

; ; URL: http://www.phys.ksu.edu/area/GaNgroup
due th t?e fa%t. tEat theb IZL ddecaylls dommbageddby. eliCtro.ngC. Weisbuch and B. VinterQuantum Semiconductor Structuré&ca-
transfer from higher sub-bands to ower subbands |n_t e tri- gemic, London, 1991
angular wells and the transfer rate is expected to increaséH. s. kim, J. Y. Lin, X. H. Jiang, W. W. Chow, A. Botchkarev, and H.
with increasing energy. Morkoc, Appl. Phys. Lett73, 3426(1998.

. : . 11J. P. Ibbetson, P. T. Fini, K. D. Ness, S. P. DenBaars, J. S. Speck, and U.
In summary, we have investigated the growth and optical K. Mishra, Appl. Phys. Lett77. 250 (2000,

properties of A}GasN/GaN heterostrUCtureS- A Very 12p Gaska J.W. Yang A. D. Bykhovski, M. S. Shur, V. V. Kaminski, and
strong, broad, asymmetric emission line related to ZDEG S. M. Soloviov, Appl. Phys. Leti72, 64 (1998.



