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An array of microdisks with a diameter of about 9mm and spacing of 50mm has been fabricated
by dry etching from a 50 Å/50 Å GaN/AlxGa1-xN (x;0.07) multiple quantum well~MQW!
structure grown by reactive molecular beam epitaxy. Optical properties of these microdisks have
been studied by picosecond time-resolved photoluminescence~PL! spectroscopy.
Photoluminescence emission spectra and decay dynamics were measured at various temperatures
and pump intensities. With respect to the original MQWs, we observe strong enhancement of the
transition intensity and lifetime for both the intrinsic and barrier transitions. The intrinsic transition
is excitonic at low temperatures and exhibits an approximate tenfold increase in both lifetime and
PL intensity upon formation of the microdisks. This implies a significant enhancement of quantum
efficiency in microdisks and a bright future for III-nitride microcavity lasers. ©1997 American
Institute of Physics.@S0003-6951~97!04746-3#
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A great deal of research involving the group III-nitride
has been directed toward the realization of practical b
laser devices. Impressive successes such as the room
perature operation of an edge-emission InGaN/GaN mult
quantum well ~MQW! blue lasers have already bee
reported.1 Yet, there remains much to be investigated. O
particularly promising area meriting study is the microstru
ture laser system. Structures such as micron-sized disk
microcavities, can be fabricated from epitaxial layers, MQ
structures, or vertical-cavity surface-emitting lase
~VCSELs!. In VCSELs, these microdisks are expected
enhance the spontaneous emission coefficient of desired
ing modes, thus reducing the threshold current for lasing2,3

The fundamental change from a large area plane to s
discrete structures may also significantly affect carrier
namics in microdisks independently from the coupling
fects to the radiation field. In this letter, we report the resu
of picosecond time-resolved photoluminescence~PL! emis-
sion studies carried out on a GaN/AlGaN MQW microdi
structure. The results are compared with data obtained fo
MQW structure prior to microdisk formation and significa
changes in the behavior of the various optical transitions
discussed. The implications of our results to future nitr
VCSELs and microcavity lasers are also discussed.

The wurtzite MQW structure used for this study w
grown by reactive molecular beam epitaxy~MBE! on a
~0001! sapphire substrate. It consists of a 50 nm AlN buf
layer followed by growth of a 10 period MQW consisting
50 Å/50 Å GaN/AlxGa12xN (x;0.07) and a 200 Å AlN cap
layer. All layers were grown nominally undoped. Dry etc
ing was used to pattern an array of microdisks of appro
mate 9mm diameter and 50mm spacing. The sample wa
etched to an approximate depth of 250 nm and thus into

a!Electronic mail: Jiang@phys.ksu.edu
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sapphire substrate so that no III-nitride material is pres
between microdisks. Figure 1 shows schematics of~a! the
MQW structure,~b! MQW microdisks, and~c! a scanning
electron microscopy~SEM! image obtained after microdis
fabrication. As depicted in Fig. 1~b!, each microdisk is com-
prised of a 10 period MQW with the confinement directio
along the axis of the disk. The SEM image presented in F
1~c! clearly shows the array of disks with a measured dia
eter of 8–9mm which is in good agreement with the targ
diameter of 9mm. The regularity of the array and the quali

FIG. 1. Schematics of~a! the MQW structure and~b! the MQW microdisks.
A top view SEM image of the microdisk structure is shown in~c!.
/97/71(20)/2898/3/$10.00 © 1997 American Institute of Physics
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

 03 Mar 2014 06:46:15



e
c
he
te
th
th
.
s

tio
T
fo
e
he
e
s

le

a

th

-

th
th
t

th
ge
th

. It
ro-

ne-

nic
es
the

r-
n as
st
.485
t
i-

jor
the
s-
s.

ife-

en-
.

0 to
r

/

nsi-
ure
n-
as
. We
se in

to

ar
tic
th

ured
rior
and

 This a
of the disk shape are also evident in the SEM image. Tim
resolved PL emission spectroscopy measurements were
ducted both prior to and after microdisk fabrication. T
overall response of the PL detection system is approxima
25 ps. The excitation laser wavelength is 288 nm and
pulse width is about 7 ps. A more detailed description of
laser and PL detection systems may be found elsewhere4,5

Figure 2 shows cw spectra for the GaN/AlGaN MQW
at 10 K after~a! and prior to~b! formation of microdisks.
Experimental conditions such as excitation energy, excita
intensity, and geometry are the same for both cases.
3.485 eV emission line has been previously identified
GaN epilayers as the recombination of the ground statA
exciton.5–8 No quantum confinement related blue shift of t
A-exciton transition is expected for this MQW sample b
cause its well width exceeds the empirical critical thickne
of the GaN/Al0.07Ga0.93N MQW system.9 Therefore, the
3.485 eV optical transition for this MQW microdisk samp
shown in Fig. 2~a! is identified as theA exciton. The 3.640
eV optical transition originates from within the AlxGa12xN
(x;0.07) barrier layer. We believe the impurity transition
3.414 eV, which is dominant within the MQW@Fig. 2~b!#,
originates from misfit dislocations that are generated at
lattice-mismatched interface of the GaN/Al0.07Ga0.93N
system.9 Comparison of the spectra in Figs. 2~a! and 2~b!
reveals a large enhancement of theA exciton~3.485 eV! and
barrier ~3.640 eV! transitions in the MQW microdisks rela
tive to the dominant transition~3.414 eV! prior to patterning.
Furthermore, the intensity of each of these transitions in
microdisks was found to vary linearly or super linearly wi
pump intensity. This is an indication that the enhancemen
theA exciton~3.485 eV! and barrier~3.640 eV! transitions is
not the result of a saturation of the lower energy~or impu-
rity! optical processes. The obvious difference between
cw spectra seen here is very interesting because it sug
that the carrier dynamics and quantum efficiency within

FIG. 2. The cw spectra at 10 K from~a! the MQW microdisk structure and
~b! the MQW structure. Peak energies of various optical transitions
labeled for clarity within the text. The spectra were obtained under iden
excitation intensities and pump geometries with an excitation waveleng
288 nm.
Appl. Phys. Lett., Vol. 71, No. 20, 17 November 1997
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MQW structure change upon formation of the microdisks
should be noted however, that the dimensions of the mic
disks are far too large to result in carrier quantum confi
ment effects within the growth plane.

In order to elucidate the nature of the observed excito
transition quantum efficiency enhancement, decay lifetim
were measured at various temperatures. Figure 3 shows
temporal response of theA-exciton ~3.485 eV! transition at
10 K both prior to and after microdisk fabrication. The ove
all system response, which is about 25 ps, is also show
indicated by ‘‘system.’’ Both decays in Fig. 3 are almo
simple exponential, but the exciton decay measured at 3
eV in the MQW~prior to microdisks! has a slow decay tail a
longer delay times due to a PL contribution from the dom
nant band-to-impurity transition at 3.414 eV. The ma
component of the decay in the MQW represents
A-exciton lifetime which is dominated by nonradiative tran
fer to the impurity states induced by misfit dislocation
However, theA-exciton decay lifetime in the microdisks (t
5593 ps) is much longer than that for the MQW (t
553 ps) and is more representative of a true radiative l
time. The significantly longer lifetime observed for theA
exciton in the microdisks sample is consistent with the
hancement of theA-exciton transition intensity seen in Fig
2~a!.

Figure 4 shows the temperature dependence from 1
100 K of theA-exciton lifetime. The lifetimes measured fo
the microdisks are comparable to theA-exciton lifetime
found previously for high quality GaN layers and GaN
AlGaN MQWs in which impurity transitions are absent.8,9 It
is clearly seen in Fig. 4 that the enhancement of the tra
tion lifetime for the microdisks is present up to a temperat
of at least 100 K. Although the lifetime of the exciton tra
sition remains fairly long, the integrated PL intensity w
observed to decrease rapidly with increased temperature
observed an approximate one order of magnitude decrea
PL intensity for theA-exciton transition in the microdisks
~not shown! as the sample temperature was raised from 10

e
al
of

FIG. 3. Temporal response of the intrinsic exciton recombination meas
at 10 K for a PL energy of 3.485 eV. Decays are shown for the sample p
to and after formation of the microdisks. System response is about 25 ps
is shown as indicated.
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 This a
40 K. The radiative recombination efficiency~h! for an op-
tical transition may be expressed ash5tL /tR wheretL and
tR are the total transition lifetime and the radiative lifetim
respectively. Within the microdisks, the transition lifetim
exhibited less than a factor of two decrease from 10 to 4
and the radiative lifetime is not expected to vary sign
cantly. Therefore, the pronounced decrease in PL inten
cannot be attributed to a large change in the radiative rec
bination efficiency~h! of the transition. Rather, we believe
suggests the rate of exciton formation from photogenera
carriers may have a strong temperature dependence w
the microdisk structure.

Considering the observed PL emission behavior bef
and after fabrication of microdisks, the following interestin
points may be expressed. Both the cw spectra and reco
nation lifetime measurements indicate a pronounced incre
in the quantum efficiency of theA-exciton ~intrinsic! transi-
tion. In the microdisks, an observed decrease in transi
intensity with increased temperature appears to be attri
able to a decrease in the efficiency of exciton formation fr
photogenerated carriers. The enhanced quantum efficien
theA-exciton transition in conjunction with a suppression
the impurity transition at 3.414 eV implies a suppression
transfer from the exciton state to the impurity state in
microdisks. This phenomenon may be related to a chang
exciton localization within the microdisk structure. For e
ample, it is understood that unavoidable fluctuations in w
thickness may result in exciton localization within MQWs10

Energy fluctuations may also exist due to variations in lo
lattice strain or strain relaxation. Whatever the source of
ergy fluctuation is, if one randomly removes 97%~as is the
case for our microdisk sample! of the material from the
MQW structure, the probability of significant fluctuation
existing within a microdisk of the remaining material
greatly reduced. This of course assumes that such fluc
tions are comparable in dimension to the microdisks. In ot
words, within this model, the MQWs inside the microdis
are more uniform on average than the MQW structure p
to microdisk fabrication. Therefore, there will be a reduc

FIG. 4. Temperature dependence of theA-exciton decay lifetime~t! up to
100 K. Open squares represent the MQWs and closed triangles represe
microdisks.
2900 Appl. Phys. Lett., Vol. 71, No. 20, 17 November 1997
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likelihood of coupling between low energy exciton states a
impurity states within the microdisks. As a consequence,
recombination lifetime and quantum efficiency of the intri
sic exciton transition are greatly enhanced and the impu
transition is suppressed. We note that the previous is a
gested mechanism at this point, and more comprehen
studies of the optical transitions are underway to make m
certain statements regarding the nature of the quantum
ciency enhancement.

In conclusion, we have studied the optical transitio
within GaN/AlGaN MQW microdisk structures fabricated b
dry etching. Comparison of the optical transition behav
with data acquired prior to microdisk fabrication reveals
strong enhancement of the intrinsic exciton transition qu
tum efficiency in the microdisks. The enhancement is rela
to a suppression of the impurity transition at 3.414 eV and
explained as a reduction in coupling between exciton a
impurity transitions within the MQW microdisks and a co
responding cutoff of transfer from the excitonic state to t
impurity state. The observed enhancement of the intrin
transition quantum efficiency in the microdisk structure is
very encouraging result for future III-nitride laser device
particularly microcavity lasers and VCSELs. The importan
of this enhancement is more emphasized when one cons
that it is not due to a cavity-modified spontaneous emiss
coefficient, but rather it is in addition to this expected effe
Perhaps real microcavity VCSEL devices will benefit fro
both effects. Further studies on this and other microd
samples are currently in progress with particular emphasis
carrier dynamics under excitation intensities approaching
ser injection level.
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