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Polarization effects have been studied in GaN/AlGaN multiple quantum wWeIBWSs) with
different c-axis orientation by means of excitation-dependent photoluminesd@tigeanalysis.
Quantum structures were grown of0001]-oriented sapphire substratesC (plane and
single-crystalling] 1 100]-oriented freestanding GaNV plane using the metalorganic chemical
vapor deposition technique. Strong PL spectrum line bluesliffs to 140 meVY which are
correlated with the excitation intensity have been obtaine@fptane MQWSs, whereas no shift has
been observed foM-plane MQWs. Theoretical calculations and comparison with the PL data
confirm that the built-in electric field fo€-plane structures is much stronger than the field present
for M-plane MQWs. In the former case, the excitation-induced blueshift of the PL line is due to the
screening of the built-in electric field by photoinjected carriers, which is consistent with the field
strength of 1.23 MV/cm in the absence of excitation. 2002 American Institute of Physics.

[DOI: 10.1063/1.1524298

The llI-nitride semiconductors and their alloys are at-we seek to analyze the effects of controlling a built-in elec-
tractive materials suitable for the development of blue androstatic field in determining the properties of quantum struc-
UV optoelectronic deviceglight-emitting and laser diodes, tures. Six periods of the AlGaN/GaN quantum wells were
photodetectops as well as for high-voltage and high-power simultaneously deposited on the freestandiheplane GaN
electronic devicege.g. high-electron mobility transistors? ~ wafers and thickC-plane GaN layers under identical condi-
Various epilayers, including quantum structures such agons. The[1100]-oriented M-plane GaN templates were
single or multiple quantum well§MQWSs) are most com- grown by halide phase epitaxy on the closely lattice matched
monly grown on[0001]-oriented sapphire or 6H-SiC. With (100 plane of LIAIO,. After depositing a 35Q«m-thick
this orientation, strong built-in electrostatic fields appear as &yer of GaN, the original LIAIQ substrate was removed
result of spontaneous and piezoelectric polarizatidne to ~ with wet acid etching. Thus, freestandifg 100]-oriented
the noncentrosymmetric nature of wurtzeplane oriented GaN templates were obtained, which served as the starting
films. These electrostatic fields tend to bend the energy bangHbstrates for our study. Th&)2w x-ray diffraction (XRD)
structure of quantum wells, and electrons and holes becon&eans exhibit only sharp GaN (@Q) and (220) peaks, in-
situated in nearly triangular potential wells. The modulationdicating the single-crystal nature of (ad) plane GaN tem-
of the conduction and valence band edges due to large inteP/ates. Thew scans show a full width at half maximum of
nal electric fields leads to the quantum confined stark effec@Pout 20 arcmin indicating reasonable crystal quality. The
(QCSB. The QCSE is undesirable in light-emitting devices[0001-oriented C-plane 3um-thick layers were grown on
because the fields across the individual quantum wells givé@PPhire. The AlGaN/GaN MQWs growth was carried out by
fise to a spatial separation of electrons and hblekis re- low-pressure metalorganic chemical vapor deposition. Tri-

sults in a reduced oscillator strength and lower quantum efgthylgallium, triethylaluminumTEA), and Nl—g_were used
in MQW as the precursors for Ga, Al, and N, respectively. TEA has

é)ﬁaen chosen as the Al source because of its low vapor pres-

. o o sure. Thus, we are able to deposit the AIGaN quantum well

undesirable redshift in the emission spectra. S : : .
Parrler films with an appropriately slow growth rate to obtain

A useful approach for reducing the deleterious effects o .
built-in fields is to fabricate GaN-based structures alon nonii sharp interface. The reactor pressure and temperature were
ultt-in Tietes | : - X uct ng kept at 76 Torr and 1000 °C and,ivas used as a carrier gas
polar directions, e.g., to grojd 100]-orientedM -plane films

) : ring the growth. From high-resolution XRD scan curves,
since these surfaces contain an equal number of Ga and e evaluated the MQW well width and barrier width, =5
atoms and, therefore, are nonpdar. o , nm andL,=10 nm, respectively. These values agree very
In this letter, we study processes in highly excited GaN/q|| \yith the thickness values based on growth rate. The
AlGaN MQWs with C- and M-plane surfaces and, thereby, gmqqth surface of the samples was revealed by a Nomarsky
optical microscopy and scanning electron microscopy. The
dElectronic mail: koukstis@engr.sc.edu barrier alloy contained 18% of Al. The photoluminescence

ficiency for radiative transitions. Furthermore,
structures designed for deep UV emission, QCSE causes

0003-6951/2002/81(22)/4130/3/$19.00 4130 © 2002 American Institute of Physics
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TABLE |. Material parameters used in calculations. Fop AG& g N, lin-

o W upare 1] ear extrapolation was applied.
Parameter GaN AhGa g N
=i Eq (eV) 3.4 3.9
S m? (my) 0.2
2 mpy (Mo) ~1
'@ a (cm™b) 3x10°
2 7 (N9 ~1
= y (cn?/s) 2.4x10°1
d €, (relative 9.5
0- - a (A 3.189 3.175
o . o (%) 0 0.439
30 32 34 36 30 32 34 36 38 ea1 (C/nP) -0.49 -0.51
Photon Energy (eV) es; (C/n") 073 0.86
C13X 101 (dyn/cnt) 10.8 11.0
FIG. 1. RT PL spectra fo€-plane(a) and M-plane(b) GaN/Aly ;¢Ga, g:N C33X 10" (dyn/cn?) 39.9 39.8
MQWs as a function of ArF excimer laser excitation power density. ThePg, (CIm?) —0.029 —0.0348

inset shows wurtzite structure film surface orientation.

(PL) spectra were then measured using pulsed ArF excimgsower density P with more detail. Note that forP
laser excitationA=193 nm,7=8 ns, andf,e;=10-100 H2. 50 kw/cn?, PL spectral positions, in both cases, become
The laser beam was focused on the surface of the samples@ry close and remain nearly the same with further increases
a spot of about 0.2 mm diameter. A maximum pump powelin excitation intensity. The observed PL dependencies may
density of ~2 MW/cn? could thus be reached. Excitation pe explained taking into account the built-in electrostatic
intensity could be reduced by a set of neutral density filtersfie|d, the strength of which reduces with increasing excita-
Luminescence was measured in a backscattering geometfiyn due to field screening by the carriers. In order to evalu-
using a SPEX550 monochromator with a UV-enhancedhte the magnitude of the electric field in the MQWSs, we
charge coupled device array. applied a simple model based on a triangular potential well
In this study, we concentrate our attention on the roomyesulting from the presence of both the total built-in field as
temperaturgRT) experiments, since at low-temperature, PLyyell as the photogenerated carriers with two-dimensional
analysis is more complicated due to spectral structures qbp) carrier densityr. We assumed that those carriers accu-
exciton origin(free, bound excitons, their phonon replitas mylate at GaN/AlGaN interfaces, thereby reducing the field
and competition of these recombination channels. Figure E,,, which can be approximately evaluated as
shows RT PL spectra fo€-plane[Fig. 1(a)] and M-plane
[Fig. 1(b)] of GaN/Al, 14Ga, s N MQWSs under conditions of Fu(o)=Fo—oeLly/[eo(Lyep+Lpen)]. 1)
different exmtgﬂo_n power density. _In both cases, .the neaf—|ere, Fo is built-in electrostatic field strength in unexcited
band-edge emission spectrum consists of one band, h.owe.\/%ells. All the parameters used in our calculations are taken
for Fhe.C-pI.ane sgmple, the peak undergoes a quesh!ft Wltqrom literaturé"®~* and are listed in Table I. Since the posi-
excitation intensity; whereas for thil-plane, its position tion of the PL peak energhiv,,., for near band-edge emis-
remains unchanged. The long-wave shoulder of the spectig,, (electron—hole band-to-band and/or excitonic recombi-

which appears under highest excitat_(@fﬁ_oo kW/Cr_ﬁ) may nation is determined by the ground level energy, we can
be ascribed to many-body effects in high-density electronbbtainlz

hole plasmd. The experimental points in Fig. 2 show the

peak energies of the PL spectra as a function of excitation 9ehF, (o) 239 \18
l hvmac— Eg—eFW(O')LW+ T\/E [(m—;>
3 3.444 & 1\ V3 -
5 . - + =1 | 2
2 3.40 mp
t
£336 In order to compare our experimental results with calcula-
g e tions, we have to expressy, ., as a function of excitation
% 3.321 " GaAIGaN power densityP. We have used two approaché:assum-
2 3.281 ing constant carrier lifetime, (this situation is expected for
, , : ; : lower carrier injection levelor (ii) assuming predominantly
10*  10° 10'2. 10" 210° bimolecular recombinatiothigher excitation In the former
ESiGHE80n P Deney (/g ) case, the 2D carrier density= aP 7L, /hv,s, Whereas in

FIG. 2. Dependence of peak energy of the PL spectrum on excitation powetthe Iffltt_er caser=Ly\ Pa/h?qas'y. Herea is th'e absor'ptlon
density. Symbols correspond to experimental data and solid curves corréoefficient for the laser emission ki, and y is the bimo-
spond to theoretical calculations. Curves 1, 2, and 3 were calculated usingcular recombination coefficiefisee Table)l The results of

constant lifetime approach, and curves 4, 5, and 6 were obtained usingy||ations for several electric field values are shown in Fig
bimolecular recombination model. Curves 1 and 4 correspond to built-in . . ’
electric field strengthF;=1.23 MV/cm, curves 2 and 5 corresoond fo 2. It can be seen that the best fit with experimental data for

Fo=0.75 MV/cm, and curves 3 and 6 correspondtp=0.3 MV/cm. C-plane MQWs was obtained féry=1.23 MV/cm(curves 1
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108y s R et Eas to M-plane MQWs which exhibit much lower field strength.

' e aT Indeed, spatial separation of carriers in triangular wells due
to the QCSE irC-plane MQWs with the characteristic strong
= T built-in fields which exist at low excitation intensities leads
21 RN to poor overlapping of the wave functions of electrons and
: 'g_-;'::: : holes. This process leads to the major reduction of electron—

7 F hole radiative recombination traffic as comparedvteplane
MQWs under these conditions. Typically, when nonradiative
channels predominatéow excitation and constant lifetime
regime, the band-to-band or excitonic radiative recombina-
tion rate is expected to change with excitation lasP?.
There will be a transformation tb~P when nonradiative
FIG. 3. PL intensity dependence on excitation power densityCiglane  channels saturate and radiative recombination predominates
(filled squar_ehandM—pIane(open circles GaN/AIGaN MQWs. Solid lines gt elevated excitatiorthigh excitation and bimolecular re-
represent different power dependentes™” (8=1, 1.45, and 22 combination regime A power index 2.2 folC-plane MQWSs
o S indicates that there must be some additional reason for a

and 4 in Fig. 2, whereas foM-plane MQWs, the initial field  gieeper PL intensity dependence on excitation. We suggest
values need to be much lower300 kV/cm, curves 3 and  that the reason is based on screening of the built-in electric
6). From this comparison, we can also conclude that thgje|q by injected carriers at elevated excitation levels,
constant lifetime approach describes experiment results befghereby the reduction of the field strength leads to a stronger
ter for lower excitation levelgcurve 1), while bimolecular overlap of the carrier wave functions and, consequently, an
recombination presumably starts to appearPat10-20  5qditional increase of PL intensity.
kw/cn? (curve 4. o S In conclusion, the comparative study of PL fGr and

We have evaluated the built-in electric fiek in the M _plane GaN/AIGaN MQWs showed strong differences in
case of spontaneous and piezoelectric polarization iRycitation-induced behavior of PL in these quantum struc-
GaN/Al. 1658 gN MQWs (C-plane orientation indepen-  res. We found that fo€-plane oriented MQWSs, the energy
dently, just taking into account the par_ameters relevant tQyf the peak of the PL spectrum became blueshifted with in-
those quantum structures. Indeed, using parameters frogteasing excitation intensity, whereas the peak position of the

5
10 'I~P‘;"5 L
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o o
N [
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Table I, we can obtafh PL for M-plane MQWs remained unchanged. We observed
Fo=(PY— pbp_ P Ly /[ €o(Lyen+Lpew)]. (3)  Much weaker PL intensity foE-plane MQWs in comparison

] ] o to M-plane MQWs at low excitation levels. These results
In this model, we have neglected piezopolarization in thenpgicate the existence of much stronger built-in electric fields
wells since the well material is GaN and suffers no in-plang, C-plane quantum structures in comparison withplane
deformation due to the thickherefore, relaxedGaN buffer  \vows. An analysis of the experimental results along with
layer of the structures. However, theAlGay.sN barrier is  theoretical data fitting shows that the electric-field strength in
under the tensiorw; due to in-plane mismatch with GaN c_plane MQWs reaches the value of 1.23 MV/cm. Clearly,
and, hence, barrier piezoelectric charge can be calculated gg growth of GaN/AIGaN MQWSs with a nonpolar orienta-
b _ H . e g . . .
Ppe=—207(833C11/C35—€51), wheree;; andC;j; are piezo-  tion can lead to a significant increase in the quantum effi-
electric tensor components and the elastic constants, respeGency of these nitride-based emitters, especially at low and

tively (see Table)l The fielql value evaluated according t0 medium excitation levelée.g., for light-emitting diodes
Eq. (3) for C-plane MQWs is found to be 1.27 MV/cm. It
agrees well with the value 1.23 MV/cm obtained from our  This work at USC was supported by Army SMDC Con-
earlier theoretical and experimental PL data fitting in Fig. 2.tract No. DASG60-00-10003, monitored by Terry Bauer.
In addition, we have analyzed the PL excitation intensity
dependence of the PL for boM- andC-plane MQWSs over  is Nakamura and G. Fasdihe Blue Laser DiodéSpringer, Heidelberg,
a wide range of intensities. Figure 3 shows integrated PL21997).
intensity as a function of excitation power density. Note that ~S: J- Pearton, J. C. Zolper, R. J. Shul, and F. Ren, J. Appl. Ritysl
und_er hlg_hel_’ excitation levels,P(>50 kW/Cn?) absolute 3F. Bernardini, V. Fiorentini, and D. Vanderbilt, Phys. Rev58 R10024
PL intensity is very close for bot- and M-plane MQWs (1997.
and increases linearly with excitationP); whereas at “J. S. Im, H. Kolimer, J. Off, A. Sohmer, F. Scholz, and A. Hangleiter,
low excitation levels, the situation is quite different. At low ,Phys. Rev. B57, R9435(1998. _ )
| I, the PL intensity iC-plane MQWSs increases strong| G. Vaschenko, D. Patel, C. S. Menoni, N. F. Gardner, J. Sun, W, @b
evels, NSty 1L-plane 9lY  N. Tone and B. Clausen, Phys. Rev. @, 241308(2002.
superlinearly (~P??); whereas irM-plane MQWSs, the de-  ¢J. E. Northrup and J. Neugebauer, Phys. Re63BR10477(1996.
pendence is weaket {-P*“9. At the excitation level of~1  'H.Haug and S. W. Koch, Phys. Rev.38, 1887(1989.
kW/cn?. the PL intensity from MQWs witiM -plane orien- R. Cingolani, A. Botchkarev, H. Tang, and H. Markdhys. Rev. B61,
o . . . . ... 2711(2000.
tation is ab.out SQ times hlgher in comparison to.those. ywth °p. w.( Pa,,?qer’ www.semiconductors.co.uk, 2001.04.
C-plane orientation. A similar difference in PL intensities 1°s. . Jain, M. Willander, J. Narayan, and R. Van Overstraeten, J. Appl.
was reported recently in quantum well structures Withnihsllj&&?,_ 965 (iOAC\JQ(-) heinikov, 1. Appl. Phy85, 3241(1999
- H ] ) ] H . Dmitriev an . Qruzneinikov, J. Appl. Y80, .
A plane onenta’glon using continuous wave Ias_er e_xcnd‘t?on. 12¢. Weisbuch and B. VinterQuantum Semiconductor Structuré&ca-
These observations can be understood by taking into accountiemic New York. 1991

the strong buiit-in electric fieid ikC-plane MQWSs in contrast  **H. M. Ng, Appl. Phys. Lett80, 4369(2002.
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