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We have investigated the optimal growth conditions for GaiN&al N multiple quantum well
(MQW) structures by metal organic chemical vapor deposition. Optical properties of a set of
GaN/ALGa N MQW samples grown under systematically varied growth conditions have been
studied by employing picosecond time-resolved photoluminescéPice spectroscopy. The PL
emission efficiency, the linewidth of the PL emission spectra, the ratio of the barrier emission
intensity to the well emission intensity, and the temperature dependence of the PL decay lifetime of
these GaN/AlGa_,N MQW structures have been measured and compared with each other
carefully. Based on our studies, we concluded that the optimal growth conditions for
GaN/ALGa _ N MQW structures are GaN-like rather than,8l _,N-like or other conditions.

The GaN/AlGa, _,N MQW structures grown under the GaN-like growth conditions exhibited
higher quantum efficiencies and narrower PL emission linewidths than those grown under other
conditions. PL emission from barrier regions was not observed in the MQW structures grown under
the GaN-like growth conditions, which is highly preferred for ultraviolet light emitter applications.

© 2000 American Institute of PhysidsS0003-695000)04107-3

Group llI-V nitride semiconductors have been recog-between the GaN well and the 8a _,N barrier layers dur-
nized as important materials for many novel optoelectroniding the metal organic chemical vapor depositiMOCVD)
devices, such as blue ultraviol@V) light emitting diodes growth of GaN/AlGa _,N MQWSs because the growth time
(LEDs), laser diodes(LDs), and high-temperature/high- for each well or barrier layefaround 10 sis much shorter
power electronic device’sAs demonstrated by LDs, LEDs, than the time needed for all the growth parameters to become
and electronic devices, many lll-V nitride based devicesstable (more than 60 ) One can thus choose the growth
take advantage of multiple quantum wéllQW) structures ~ conditions for GaN/AlGa,_xN MQWs to be the optimal
such as GaN/AGa_,N and InGa,_,N/GaN MQWs for  growth conditions of either GaN epilayef&aN-like) or
optimized performance. Recently, many efforts have beeflxGa -xN epilayers (Al,Ga _4N-like), or choose condi-
devoted towards the understanding and design ofions in between the optimal GaN- and Gl _N-like.
GaN/ALGa_,N MQW structures for UV light emitter AlxGa_«N epilayers are more difficult to grow and are also
application®™® For the design and fabrication of these MOre sensitiye to the growth parameters than GaN epilayers.
MQW structures, one important issue is to maximize thelnuS one might expect that GaNi&a, N MQWs grown
quantum efficiency, i.e., to maximize the optical emissionUnder ALGa _,N-like conditions would have a better overall

from the confined states in the well regions and to minimizelu@lity than those grown under GaN-like conditions. How-
the optical losses in the barrier regidhisis well known that ever, the argument which favors the GaN-like growth condi-

structural parameters of MQWs, including both barrier andfions for GaN/AlGa,_xN MQW structures is that the quali-

well thicknesses, have strong effects on the quantum effil€S Of the GaN wells are more important for the well
transitions and should be optimized.

ciency of the MQWs. GaN/AlGa_,N MQW structures
y Q Aa—x Q In this work, the growth conditions for GaN/&ba, _ N

with high optical qualities can be achieved when the well . :

thickness is in between 25 to 4GA%and the barrier thick- M QW structures have been studied by systematically vary-

ness is around 80 AL However, effects of growth conditions ing the g_rowth p_a_lramete_rs betwegn the GaN- and
Al,Ga, _,N-like conditions. Picosecond time-resolved photo-

on the quantum efficiency of these MQW structures have not” **
been studied systematically. A detailed study on the growtrllummescence(PL) spectroscopy has been employed to

conditions for obtaining GaN/AGa, _,N MQWSs with high study the optical properties of these MQWSs. We found that

qguantum efficiency is needed in order to achieve high perg:reuggtr'gnsa;rgrgvgg_I?li):?g;ﬁgf tLo;n%ﬁ/ﬁﬁingoyo?:Z "
formance UV light emitters based on GaN/Gh _,N XX

MQW structures conditions.
' A f GaN/AlGa,_,N MQW les h
The growth conditions for GaN and &ba _,N epilay- set of GaN/AlGa, QW samples has been

rown by our MOCVD system with varying growth param-
ers are quite different and have been well studied. For exgters Bgfore the growthyof the MOWs ya 390% A Gas nucle-
ample, the growth temperatuferessurgfor Al,Ga, N ep- ation layer and a 1um undoped Gal\1l buffer layer were

ilayers is higher (lower) than that for GaN epilayers. grown on the sapphire substrate. The MQW structures are
However, it is very difficult to change the growth conditions composed of thirty periods of alternating GaN-well and

Al,Ga, _,N-barrier x~0.2) layers. Detailed optical studies
dElectronic mail: jiang@phys.ksu.edu on four GaN/AlGa N MQWs samples denoted as
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TABLE I. Summary of growth conditions and PL emission properties of samples A, B, C, and D.

Samples A B C D
Growth conditions GaN-like In between GaN-In between GaN- AlGaN-like
and AlGaN-like  and AlGaN-like

Growth PressurgTorr) 300 150 300 150
parameters Temperaturg°C) 1050 1050 1060 1060

NH; (SL/min) 4.0 4.0 4.0 24
Well peak positioneV) @10 K 3.550 3.645 3.643 3.678
FWHM (meV) @10 K 32 59 58 65
Integrated well intensity @10 K 25 8.5 8 6
I emibarrien/1 omwell)(X 1074 @10 K 0 5 25 1.3

samples A, B, C, and D, representing four types of growthshown in Fig. 1 is that PL efficiencies of samples A and E
conditions have been carried out. Sample A represents thoggrown under the GaN-like conditiopare about 2 to 4 times
grown under the optimal GaN growth conditiofr GaN-  higher than those of other samples. The linewidths of the
like) with growth temperature and pressure being 1050 °Gwell transitions of samples A and E are about 32 and 28
and 300 Torr, respectively. The well width of sample A is 30 meV, respectively. However, the linewidths of samples B, C,
A based on the growth rate of GaN epilayers under the samand D are between 54 and 65 meV. The broadening of the
growth condition. Sample D represents those grown undeinewidth and the lower quantum efficiency are attributed to
the optimal AlGa,_,N growth conditions (or the relatively poor qualities of samples B, C, andddown
Al,Ga, _,N-like) with growth temperature and pressure be-under other than the GaN-like conditions Thus,

ing 1060 °C and 150 Torr, respectively. The barrier width isGaN/AL,Ga _,N MQWSs grown under the GaN-like condi-
targeted at 50 A for sample D based on theQd, ,N tions have the highest quantum efficiency and narrowest
growth rate. Samples B and C represent those grown unddéinewidth, i.e., the highest optical quality.

growth conditions in between the optimal GaN and

Al,Ga, _,N growth conditions with either the growth pres- 24 GaN/AIGaN | '3550 eV @ éample N
sure or temperature being varied systematically. The detailec MQWs % FWHM GaN-like
growth parameters for these MQWs are summarized in Table 169 T=l0k 332mev growth conditions |
l. 84 3487evy f &

The continuous-wavécw) PL spectra measured at 10 K 0 ——J‘/ k\ xlOOO‘ , ‘
for samples A, B, C, and D are shown in Figsa)l 1(b), g] (b)SampleB 3.645¢eV 3,046 &V ]
1(c), and 1d), respectively. The main emission peaks in Fig. \ FwHM |
1 are due to the excitonic recombinations in the GaN-well 4] 3492 eV % 50 mev !\_ ]
regions, which are all blue shifted with respect to an emis- IAJ g x1000 /
sion line at about 3.49 eV from the underneath GaN epilayer.~ 0 ' " = -
This blue shift is due to the quantum confinement effects in= 81 (c)SampleC A8
the MQWSs31° The position of the main emission peak of & i FWHM 3934eV
sample A grown under the GaN-like growth conditions is at § 4 3.492 eV $38meV oo
3.550 eV, which is consistent with the expected value from — 0 L
GaN/AlLGa, - N MQWs with a well thickness of 30 A and (d) Sample D | 674 eV
Al content of 20% in the barrier regions. However the main 61 AlGaN-like I\ rwnm
emission peaks of samples B, C, and D grown under condi- 3] growth conditions % 65 mev 3.959eV |
tions other than the optimal GaN-like growth conditions are 3.494 V- “ x1000 ,.L
much higher than the expected value from GaNG¥d, _ N 0 . . . : - . :
MQWSs with a well thickness of 30 A. Time-resolved PL 16] © SampleE 43632V GaN-like |
spectra revealed no obvious piezoelectric effects in these 12 18 A T rwhM growth conditions ~ J
MQW sampleg(not shown, which is probably due to small 8; {° 28mev
well widths. Thus the most likely explanation for the much 41 383 f % x1000
higher emission energy positions in samples B, C, and D is %.3 34 35 36 37 318- 39 40 4.1

that the well thicknesses of these MQWs are less than 30 A, E (eV)

due to a lower growth rate for the GaN-well layers under

growth conditions other than the GaN-like growth condi-FiG. 1. Low-temperaturé10 K) cw PL spectra of GaN/AGa, _,N MQWs

tions. In order to clarify this, we have also grown a MQW (&) sample A grown under the optimal GaN growth conditi¢G=aN-like)

sample E with a well width of 18 A under the optimal GaN With well thicknessL,,=30A, (b) and (c) samples B and C grown under
. conditions in between the optimal GaN and @& _,N growth conditions,

growth conditiong(all other structural parameters of sample(d) sample D grown under the optimal /a_,N growth conditions

E are the same as sampl¢. Ahe PL spectrum of sample E (Al,Ga_,N-like) with barrier thickness of 50 A, angk) sample E grown

is shown in Fig. 1e). We see that the spectral peak positionsunder the GaN-like growth conditions with well thickndsg=18 A. The

of samples B.C.D nearly coincide with that of sample E growth time for the well and barrier layers are fixed for samples A, B, C,

T . ~'and D. Note that samples A and E exhibit the highest PL intensities and
Thus the actual well thickness of sample B, C, and D ISharrowest linewidths from the well regions as well as no PL emission from

estimated io be around 18 A. The most important featurene barrier regions.
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FIG. 2. Temperature dependence of the integrated PL emission intensity for 0.4
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For the design of MQW laser structures, an important
issue is to minimize the optical transitions from the barrierF!G. 3. Temperature dependence of the well transition PL decay lifetime,
. . " - - r samples A, B, C, and D. A linear increase ofvith temperature was
regions, since emissions from the barrier regions represer&%served for sample A up to 70 ).

losses in quantum efficiency or optical g&ifor samples A

and E grown under the GaN-I_ike growth _conditions, there,isconditions. Picosecond time-resolved PL spectroscopy has
hardly any observable emission intensities from the b'a.rne[)een employed to monitor the optical properties of these
regions. Samples B, C, and D, grown under other Cond't'onsstructures. The optimal growth conditions  for

exhibit clear barrier emission peaks around 3.95 eV. Thes /Al Ga_,N MQW structures are found to be GaN-like
observed peak positions of the barrier transitions are consiszhar fhan_ngai N-like or conditions in between the
—X

tent with the targeted Al concentratid@bout 20%. Our two. GaN/ALGa,_,N MQW structures produced under the
results show that for GaN/gGa; —,N MQW structures car-  ganijike conditions exhibited higher quantum efficiencies,

rier leakage from well to barrier regions can be minimized by, 5 rrower PL emission linewidths, a linear dependence of the
employing the GaN-like growth conditions. .F|gure. 2 shqwsPL decay lifetime on temperatures up to 70 K, and no ob-
the temperature dependence of the PL emission Inten§|t_y %fervable barrier emissions, all of which are highly preferred
the fqur MQW ;arnples .A., B, C, and D. Sample A exhibits for UV light emitter applications.

the highest emission efficiency at all temperatures.

Time-resolved PL measurements also provide additional The research is supported by DQE6ER45604, NSF
information regarding the quality and quantum efficiency of(DMR-9902431 and INT97295820NR (monitored by Dr.
these MQWs. Figure 3 shows the temperature dependence ¥bon S. Park and ARO (monitored by Drs. N. El-Masry
the PL decay lifetimes, measured at the peak positions of and J. Zavada
the well transitions in these MQWSs. For sample A grown
under the GaN-like growth conditiondg=ig. 3(@)], the PL  H.Morkog S. Strite, G. B. Gao, M. E. Lin, B. Sverdlov, and M. Burns, J.
decay lifetime increases with temperature up to 70 K. Such azﬁpl‘&'- Phys.76, 13;63M(1g94)-k, Appl. Phys. LT, 2527(1995
. . . . P ..uenoyama an . SUZUKI, Appl. yS. [ .
linear mcrease _Oﬁ-_ with T is a_ We_”'knqwn character.|st|c of 3M. Smith, J. Y. Lin, H. X. Jiang, A. Salvador, A. Botchkarev, W. Kim,
the exciton radiative recombinations in MQWsnd is ob- and H. Morkag Appl. Phys. Lett69, 2453(1996.
servable only in samples of high optical qualities. As illus- ;‘A. Niwa, T. Ohtoshi, and T. Kuroda, Appl. Phys. Lef0, 2159(1997).
trated in Figs. ®)—3(d), a linear increase of with Tis .S H. Parkand D. Ahn, Appl. Phys. Lettl, 398 (1997.

bsent in samples grown under conditions other than thes' H. Parkcand S. L. Chuang, Appl. Phys. LA, 3103(1998.

a Sen_ p g . H. S. Kim, J. Y. Lin, H. X. Jiang, W. W. Chow, A. Botchkarev, and H.

GaN-like conditions. Our time-resolved PL results suggest Morkog, Appl. Phys. Lett.73, 3426(1999.

that the radiative recombination is dominant at low tempera-°K. C. Zeng, R. A. Mair, J. Y. Lin, H. X. Jiang, \zv W. Chow, A. Botch-
; _ karev, and H. MorkocAppl. Phys. Lett.73, 2476(1998.

t.ures propgbly only in .MQW samples grown under the GaN 9C. Kim, I. K. Robinson, J. Myoung, K. Shim, M. C. Yoo, and K. Kim,

like conditions. Thus time-resolved PL data further corrobo- Appl. Phys. Lett69, 2358(1996.

rate that GaN/AlGa, _,N MQWs grown under the GaN-like °k.c. zeng, J. Y. Lin, H. X. Jiang, A. Salvador, G. Popovici, H. Tang, W.

growth conditions have the highest optical qualities as well Kim, and H. Morkag Appl. Phys. Lett.71, 1368(1997).

: N E. J. Shin, J. Li, J. Y. Lin, and H. X. Jianginpublished
as the highest quantum efficiencies. httpy/fwww-personal ksu.edsfiang

In summary, GaN/AlGa _,N MQW structures have 135 Feldmann, G. Peter, E. O. Gobel, P. Dawson, C. Foxon, and R. J.
been grown by MOCVD under systematically varied growth Elliott, Phys. Rev. Lett59, 2337(1987.



