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Abstract—Structural and optical properties of InGaN/GaN triangular-shaped multiple quantum well (QW) struc-
tures were investigated under various conditions of growth parameters such as growth temperature, flow rate of Gaand/
or In composition, and well and barrier widths. The optical properties affected by the growth parameters were well
correlated with an In band gap, which is determined by the potential depth and the In composition in the well region.
The emission peak energy was dmost independent of the barrier width due to the relaxation of the piezodectric fildsin
the triangular-shaped QWSs. Photoluminescence spectra of the InGalN/GaN multiple QW structures showed a parabolic
curve centered at 2.66 eV. The optical property of the triangular-shaped multiple QWs was substantialy improved due
to formation of quantum dot-like In composition fluctuations.
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INTRODUCTION

[11-nitrides and their dloys have received much attertion due to
their tremendous potentid for fabricating light-emitting diodes (LEDS)
and laser diodes (LDs) thet operate in the red to ultraviolet (UV)
energy ranges [Strite and Morkoc, 1992; Nakamura, 1998; Pearton
et d., 1999; Jan et d., 2000]. InGaN dloy is very important for
applications of the I11-nitride materids in LEDs and LDs because
the aloy condtitutes an active region in the form of quantum well
(QW) and emits light by recombination of electrons and holesin-
jected into the InGalN active layer. The opticd and structurd prop-
erties of InGa,_,N/Gal\N QW's are quite sengtive to the growth con-
ditions of the InGalN layer. However, the qudity of InGaN filmsis
dependent on growth varigbles such as growth temperature, flow
rate of Ga.and/or In compodtion, well and barrier widthsin the QW
regions. Therefore, in order to effectively optimize the growth condi-
tions and tune emission wavdengths, it is necessary to study and
undergtand the effects of growth variables and QW sructures on
the opticd and gtructurd properties of InGa,_ N/GaN QW druc-
tures. Furthermore, understanding the emisson mechanism of the
InGa,_,N/GaN QWsiis essantid for further improving the perfor-
mance of opticd devices

Severd ressarchers reported the variation of externa quantum
efficiency (1) & afunction of emisson waveengths of InGalN-
based LEDs [Mukai et d., 1998; Nakamura, 2000; Kangta et d.,
2001]. Although the GaN LEDs emitting at 360 nm exhibited an
Ne. Of approximately 1%, the addition of In (or an increase in In
content) to the InGalN active layer resulted in remarkable increase
in the n,, vaue, reaching about 11% at an emisson waveength of
460 nm [Muka et d., 1998; Kaneta et d., 2001]. However, the 1.,
decreasss if the emisson wavdength increases to vaues grester
than the blue-green regions. These phenomena have suggested the
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recombination of excitons localized at potentid minima based on
gpatid In compostion fluctuations, leading to In-rich regions act-
ing as quantum dots (QD) [Narukawa et d., 1997; Arakawaet d.,
2000]. However, the crystd quality of the InGaN QWs becomes
poor mainly due to the mismatch of lattice condants and the dif-
ferencein the therma expansion coefficient between InN and GalN
with an increase in the In compodtion [Ho and Stringfellow, 1996;
Romano et d., 1999]. Therefore, in order to improve the 17, of the
InGaN-basad LEDsand LDs it isvery important to understand and
optimize the effects of the growth conditions for the InGalN active
layer interms of sructurd and optica properties. Recently, we adso
reported the fabrication of efficient blue LEDs based on the InGalN/
Gal triangular-shgped QWs and obtained a substantia improve-
ment of electricd and opticd properties of the devices[Choi et dl.,
2002, 2003, 2004].

In this paper, we report the sructurd and optical properties of
InGa,_,N/GalN triangular shaped MQWSs obtained under various
conditions of growth varigbles In addition, the emission mechanism
of the InGaN QWSsisintengvely discussed.

EXPERIMENT

Samples used in this Sudy were grown on c-plane sapphire sub-
drates by alow-pressure metd-organic chemica vapor deposition
(MOCVD) method. Trimethylgdlium (TMGa), trimethylindium
(TMIn), ammonia (NH,), and dlane (SH,) were used as precur-
wrsof Ga, In, N, and S, repectively. Before growing the nitride
films, the subdtrates|oaded into the reactor were thermally deaned in
hydrogen amosphere a 1,200 °C for 10min. A GalN nuclegtion layer
of 25 nm thickness was grown on the cleaned subdrate a 560 °C,
and a 1-pm-thick GalN : S with 2x10"® cm™ of carrier concentra-
tion was grown above the buffer layer a 1,130°C. A 5-period In,
Ga,_,N/GaN triangular-shaped QW sructure was grown on the n-
Gal layer under various conditions of growth temperature, flow
rate of In, and well and barrier widths. The triangular band struc-
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Fig. 1. The PL spectraof InGaN/GaN MQW sgtructuresmeasured
at room temper ature asa function of growth temperature.

turein the QWswas obtained by linearly gradating theflow rate of In
with time during the growth of the well layer. Details of the growth
method are available dsawhere [Choi et d., 2002, 2003, 2004]. A
100 nm-thick undoped GalN capping layer was findly deposited at
1,050°C on the MQWSs. Photoluminescence (PL) was messured
with aHe-Cd laser operating a 325 nm. Structurd properties were
andyzed by high resolution X-ray diffraction (HRXRD) and high
resolution transmission dectron micrascopy (HRTEM).

RESULTSAND DISCUSSION

Fig. 1 showsthe PL spectraof InGa, ,N/GaN SMQW sructures
grown a 760, 775, and 795°C, which were named TA, TB, and
TC, repectively. The flow rate of TMIn wasincreesed linearly with
time up to 32 umoal/min for the firgt 30 s, maintained congtant for
6 and then decressad linearly down to zero for thelast 30s The
pesk energy linearly decreased to show ared shift with decressing
growth temperature (T,). The PL intendity aso incressed with T,
but full widths at half maximum (FWHM) decreased with T,,. Fig.
2 showsthe typicd images of cross-sectiond high-resolution TEM
(top) and bright-fidld TEM (bottom) images from sample TA. The
HRTEM image shows a contragt between the well and barrier, ex-
hibiting five periods of InGaN/GaN QWs. The bright-field TEM
image dso shows ardatively low threading didocation (TD) den-
sty developed dong the c-axis from the underlying layer into the
InGa,_,N/Gal activelayer. The TD dendty esimeted fromthe TEM
imageis about 1.5x1C.

Fig. 3 shows the HRXRD patterns of the InGa, ,N/GaN 5SMQW
gructures of the samples. In principle, the In composition in the films
and the period (well and barrier) can be determined by computing
the reldive shift of the InGal\ Bragg pesk with respect to the GaN
(0002) pesk and applying Vegard'slaw. The period (/) is given by

A= (L;—L)A )

“2(sing —sinB)

where A isthe wavdlength of injected X-ray, L; and L; arethe orders
of sadlite peeks, 8 and g are their diffraction angles, and 8y, is

the angle of the 0™-order peak, respectively. Also, higher order dif-
fraction pesks and the FWHM s of satdllite pegksindicate high inter-
face qudity and good layer periodidity. The srongest pesks are from
the GalN epilayer. Basad on thisand from the HRXRD and HRTEM
andysis, the etimated average In compositions of the In, Ga,_N

Fig. 2. Cross section of high resolution TEM (top) and crosssec-
tional bright-fidld TEM images of InGaN/GaN triangular -
shaped multiple quantum well structure (sample TA).
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Fig. 3. High resolution XRD patternsof InGaN/GaN MQW gruc-
turesasa function of growth temperature.
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wdl region are 33, 27, and 20% for samples TA, TB, and TC, re-
pectively. Also, the thicknesses of the well and barrier are 24 and
94 A for dl the samples. The FWHM s of firg-order satdllite pesks
(SL-1) are 266, 254, and 239 arcsec for samples TA, TB, and TC,
respectively. That is, the In compostion and FWHM of SL-1 in-
creased with decressing T,,. The amount of In incorporated into the
InGaN dloy decreasses with increasing T, due to high volatility of
In. Hence, the decrease in the PL intengity and increese of FWHM
inthe HRXRD at higher In compasitions (or & lower temperatures)
are presumebly due to cryddline imperfection caused by In segre-
gation [Nakamura, 2000; Kanegta et d., 2001; Choi, 2003].

Fg. 4 showsthe PL spectraof InGa,_N/GaN 5SMQW sructures
meesured a room temperaturea TMIn flow rates (fr,,) of 18, 24, and
30 pmoal/min for samples 1A, 1B, and IC, repectively. The growth
temperature and the growth time of thewd| for dl the ssmpleswere
kept congant at 750°C and 30, 6, 30 seconds, respectively. The pesk
energy linearly decreased with f;,,, to show ared shift. The PL in-
tendity aso decreased, but the FWHM s increased with £y

Fg. 5 shows the HRXRD patterns for the (0002) reflection from
theInGa,_,N/GaN MQW dgructures of samples|A, 1B, and IC, re-
spectively. From HRXRD and HRTEM, the estimated average In
compodtions of the InGa,_,N well region are 24, 28, and 32% for
samples IA, IB, and IC, respectively. Also, the thicknesses of the
well and barrier are dose to 25 and %4 A for dl the ssmples. The
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Fig. 4. The PL spectra of InGaN/GaN M QW structuresmeasured
at room temperature asa function of flow rateof TMIn.
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Fig. 5. High resolution XRD patterns of the InGaN/GaN M QW
structuresas a function of flow rate of TMIn.
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Fig. 6. Temperature-dependent PL spectra of the InGaN/GaN
MQW structures grown at various flow rates of TMIn.
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FWHMs of SL-1 are 250, 258, and 278 arcsec for samples|A, IB,
and IC, repectively. That is the In compostion and the FWHM
of S-1 increased with fy,,,. In generd, aoruptness  the interface
and chemica homogeneity become deteriorated with an increase
in the In content due to the difficulty in uniformly incorporating In
into the Gal layers[Tran et d., 1998].

To further sudy the optica property, we messured the tempera-
ture-dependent PL of the InGa,_,N/GalN MQWsin the temperature
range of 13-300K as shown in Fg. 6 (PL spectraat 13 and 30K
are not shown). The PL intengty for dl the samples increases with
an increase in temperature up to 50K, and then decreases a tem-
peratures higher than 50 K. Thisindicates that the radiative recom-
bination process rdaed to excitons locdization a potentid min-
imalike QDsis dominant at low temperatures, but, asthe tempera-
ture increeses, the non-radiaive recombination related to defects
caused by crydtdline imperfection is prevailing. Two InGaN-related
emission pesks (P1 and F2) for dl the samples are dearly seen &
low temperatures. All the samples aso show aless dependence of
the peek energy on temperature. As the temperature is increased to
300K, the degree of degradation of the PL intendty and magni-
tudes of FWHM variation in the main InGalN-related pesk (P1) are
increased with fr,,.. These results are presumably dueto crystdline
imperfection caused by In segregation with increesing fry,.. Although
not shown here, the optica properties of InGa,_,N/GaN MQWSs
asafunction of growth temperature (T,) and well width also showed
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Fig. 7. The PL spectraof InGaN/GaN M QW gructuresmeasured
at room temperature as a function of well growth time (or
width).

agmilar fegture as mentioned above. Therefore, for high efficiency
green light emission, it is important to effectively incorporate In
into thewell regions.

Fg. 7 showsthe PL spectraof InGa,_N/GaN 5SMQW structures
meesured a room temperature versus the growth time (t,) of the
well (i.e, 0, 6 or 12 seconds) for samples WA, WB, and WC, re-
spectively. The growth temperature and the flow rate of TMIn for
al the samples were congant a 775 °C and 32 pumol/min, respec-
tively. The pesk energy showed ared shift with increasing t,, and
the PL intendty decressed with t,. From HRXRD and HRTEM,
the estimated average In compositions and the thicknesses of the
InGa._,N wel region are 23, 27, 33% and 21, 24, 25 A for sam-
ples WA, WB, and WC, respectively. The thickness of the barrier
is94 A for dl samples The PWHMs of SL-1 are 243, 254, and 264
arcsee for samples WA, WB, and WC, respectively. Accordingly,
the In compogition and the FWHM of SL-1 increased witht,.

Fig. 8 shows the normaized PL spectra of the InGa,_,N/GaN
5MQW gructure meesured a room temperature as a function of
the growth time of barrier, compared with the triangular (8) and rect-
anguler (b) QW dructures, repectivey. The triangular-shaped QWs
(8 showed gronger intendties and narrower FWHM than those of
rectangular ones (b). Furthermore, the pesk energy was dmogt in-
dependent of the barrier width in the case of the triangular-shaped
QWSs wheressit showed ared shift with an increase in the barrier
width in the case of the rectangular-shgped ones. In generd, the pie-
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Fig. 8. The PL spectraof InGaN/GaN MQW sructures measured
at room temperature with barrier growth time (or width);
(@) triangular- and (b) rectangular-shaped QWS, respec-
tively.
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zodectric fidd effects due to the lattice mismatchrinduced strained
wurtzite InGaN QWs lead to ared shift of luminescence Also, the
electron-hole pair dueto the piezod ectric fidds are confined to op-
posite sSdes of the well, which is expected to yield poor light emis-
gon. Therefore, these results are due to the effective relaxation of
the piezodectric fiddsin the triangular-shaped QWs. Although not
illugtrated here, the PL spectraof InGa,_ N/GaN SMQW structures
grown by varying the emission pesk energy (wavdength) from 2.83
to 2.47 eV showed the strongest intengities with an overdl para-
balic-shepe curve centered at 2.66 €V. As we found in our previ-
ous works on triangular-shaped QWs[Chai et d., 2002, 2003], an
improvement of the opticd property in the INGalN/GaN MQWsis
atributed to the formation of densdly and uniformly distributed In-
rich QDs and the rdatively low didocation dengty.

SUMMARY AND CONCLUS ONS

We invedtigated the structurd and optica properties of InGalN/
GaN triangular-shaped MQW dgructures as a function of growth
variables such as growth temperature (T,), flow rate of Gaand/or In
composition, well width, and barrier width. The peek energy showed
ared shift with decreasing T,,. The pesk energy aso showed ared
shift asthe flow rate of Inincreased. Theseresults are wel described
by an In band ggp enginesring, which manipulates the potentid depth
by varying the In compostion in the well region. However, asthe
In compostion was increased, the PL intendty decreased due to
the crygdline imperfection caused by In segregation. The pesk en-
ergy was dmogt independent of the barrier width in the triangular-
shaped MQWSs but it showed ared shift with an increesein the bar-
rier width in the rectangular-shgped ones. This is probably due to
the rdaxation of the piezodectric fieds in the triangular-shaped
QWs. Also, the PL spectra of InGa,_ N/GaN 5SMQW dructures
grown by varying the emisson pesk energy (waveength) from 2.88
to 2.47 eV showed grong pesk intengties with a parabolic shape
centered at 2.66 €V. Thisis mainly due to the formation of In-rich
QDs and the rdlaively low didocation dendty with the triangular-
shaped QWs [Choi et d., 2002, 2003]. Therefore, it is hecessary
for high quantum efficiency to develop atechnique capable of effec-
tively incorporating alarge amount of In into the well region with
sugtaining qudlity films but suppressing phase separation.
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