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Picosecod time-resolve photoluminescere(PL) spectroscop has bean usel to investigaé the
opticd properties of an insulating GalN epilaye grown by metalorgard chemicé vapa deposition
on a sapphie substrateTwo emissim lines at 3.5088 ard 3.512 €V in the continuots wave (cw) PL
specta observel at 10 K unde a low excitation intensity (~23 W/cn?) were identified as the
band-to-bad transitiors involving the A and B valen@ bands respectively A third emissia line at
3.491 eV was identified as aband-to-impuriy transitian involving ashallov donor. The PL decay
behavio can be well understod with a modé taking into accoun both the free carries and
impurities The effective recombinatio lifetime of the band-to-bad transitian in GaN was found to
be abou 3.7 ns Possibé mechanism for the band-to-bad transitil being dominar in this high
quality insulating GaN epilaye hawe alo bean discussed © 199 American Institute of Physics.
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Grow Il1-V nitride semiconducta hawe bee recog-
nized as promisirg materias for mary optoelectrorg device
applications suc as blue/WV light emitting diodes (LEDs),
lase diodes (LDs), ard high-temperature/high-poweelec-
tronic devices: There has bee a consideral® amour of
researh efforts directal toward the understandig of the op-
tical properties of Ga\ epilayers However mog of the pre-
vious work was mainly concentraté on n-type (dopel or
undoped ard p-type GalN epilayers®~® Littl e work has been
reported for undoped high quality insulating GaN
epilayers’® Understandig the properties of insulatirg GaN
epilayes may provide bast information regardirg how to
contrd the properties of GaN epilayers sud as from n type
to insulating as well as on how to optimize the doping pro-
ces ard the sampé quality. Insulatig Ga\ layers are
needd for the desig of mary lll-nitrid e optoelectrorg and
electronc devices.

In this letter, we repot the opticd properties of a high
quality insulatig GaN epilayer The nominaly undoped
high quality wurtzite GaN insulatirg sampé studiel here
was grown by low pressue (76 Torr) metalorgarg chemical
vapa depositim (MOCVD) on a sapphie substra¢ with a
50 nm low temperatug AIN buffer layer at a temperatue of
1050 °C. It was observe tha undope& GaN epilayes show
n-type conductiviy when the ammona (NH3) flow rate is 2
standad liters per minutes (slm). However the conductivity
of the as-grow GaN epilayes decreasewith the reduction
of the NH5 flow rate during the sampé growth When the
NH; flow rate was loweral to 1.5-1.8 sIm, insulatirg GaN
epilayes were obtained The thicknes of the insulatirg GaN
epilaye studied here was abou 0.6 um. A picosecond laser
systen with powe outpu of abou 20 mW at 290 nm was
used for the PL measurement.

cw PL specta of the GaN sampé measurd unde alow
excitation intensiy (1 .,c~23W/cn?) at differert tempera-
tures from 8.7 to 50 K are presentd in Fig. 1. Three emis-
sion lines with pe& positiors at 3.491, 3.503 ard 3.512 eV
are clearly resolved The PL specta of the MOCVD grown
insulatig Ga\ epilaye observe here are quite different
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from those of as-grow n-type Ga\ epilayes producel by
MOCVD or thos of as-grow insulatirg epilayes produced
by reactive molecula bean epitayy (MBE). A typicd PL
spectrum for arelatively high quality MOCVD grown n type
or MBE grown insulating GaN epilaye on sapphie shows
eithe |, (neutral-donor-bouhexciton transition nea 3.478
eV or free A- and B-exciton transitiors arourd 3.48 and
3.491 eV, respectively’® It has bee pointed out that the
free A-exciton transition energy can be as high as 3.4% eV
due to ahighe biaxid stran in the GaN epilayer®!° How-
ever, it was neva previousy observe tha the dominant
transition pe in a Ga\ epilaye on sapphie can be as high
as 3.5(8 eV (observd here at low temperaturesThe peak
enery at 3.508 eV is exacty the expecté value of the fun-
damenthbard gap enery (involving the A-valen@ bangd of
the wurtzite GalN epilayer® We thus assig the transition
lines at 3.5 and 3.512 eV for the insulatirg GaN epilayer
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FIG. 1. cw PL specta of a high quality insulatirg GaN epilaye measurd at
differert temperaturesThe specta hawe bee shifted vertically for a clear
presentation.
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FIG. 2. Low temperatue (T=10K) cw PL specta of the high quality
insulatirg Gal\ epilaye measurd at differert excitation intensities | ;.

to the band-to-bad transitiors involving the A- and
B-valen® bands respectively The 9 meV differene be-
tween the A- ard B-valene bands observe here is slightly
large than avalue of 6 meV difference observe previously
in undopel n-type epilayes producel by MOCVD or insu-
lating epilayes producel by reactive MBE.”®

The assignmehof the band-to-bad transitim lines at
3.5 ard 3.512 eV is further supporté by the excitation
intensiy dependeneof the PL ped positions In Fig. 2, we
plotted the PL specta of the insulatirg GaN epilayeg mea-
sure at differert | o, from 60 to 6000 W/cn?. The dominant
emissio line redshifs from 3.5 to 3.4% €V as |4 in-
creass from 60 to 6000 W/cn. In Fig. 3(a), we hawe plotted
the spectr&pea position of the dominart emissim line, E,,,
as a function of 123, which clearly shows a linear depen-
dence This is a dired evidene of the band-to-band
transition®!! The solid line in Fig. 3(a) is the least-squares

fit of data with equation
Ep=Eqg(n—0)—7lge, (1)

where E4(n—0) is the enery gap of the GaN epilaye as
free carrie concentratia approache zem (the fundamental

enery bard gap and y is a proportionality constant. The

relation describe by Eq. (1) for the band-to-bad transitions
is expectd from the enhancd many-bog and screenig ef-
fects at highe free carrig densities:! Figure 3(b) is a loga-
rithmic plot of the PL emissio intensiy (1,) of the domi-
nart emissio line versis lgy, i.€, Ly(lem) VS Ln(lexd,
which shows | g,ec1 2 . with 7 (=1.9) being very close to 2.
The emissia intensiy of a band-to-bad transitian is ex-
pectal to be proportiond to the produd of the photoexcited
electran (n) and hole (p) concentratios ard is thus propor-
tiond to 12, sinc nol o, ard p=| o, Thus the resut shown
in Fig. 3(b) agah suppot the band-to-bad transitian assign-
mert for the dominarn emissia line.

The intensiy of the emissio line a 3.491 eV has a
strorg temperatue dependene ard it diminishes at T
=50K as shown in Fig. 1. Figure 3(c) is the Arrhenius plot
of the emissim intensiy (l.y,) of the 3.491 eV transition
ling, i.e, Ly(lem) VS UT. The solid line in Fig. 3(c) is the
least-squarefit of the experimenthdat (open squareswith
equation | gmi=1o/(1+ C* T¥2%e~Eo/kT) ' from which a ther-
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FIG. 3. (a) The emissim pes position E,, as afunction of 113; (b) the

logarithmc plot of the I ,. dependene of the emissia intensity |4, of the
3.5 eV emissim line; (c) the Arrhenius plot of the emissia intensiy for
the 3.491 eV emissia line. The solid line is the least-squarefit of the
experimental data (open squares with equation |on=1o/(1
+ C* T%¥%~Bo /KTy with a fitted value of activatin energy E,=103meV.

md activation enery of E;=10.3meV is obtained This ac-
tivation enery is close to the 12 meV enery difference
betweea the 3.491 and 3.5 eV emissia lines measurd at
T=28.7K. The possibility of the 3.491 €V emissim line be-
ing a free exciton transition can be preclude becaue the
free exciton binding enery is arourd 20 meV2-8 We thus
assig the 3.491 €V line to a band-to-impuriy transitian in-
volving a shallov donor.

The low temperatue (10 K) PL decy kinetics of the
high quality insulatirg Ga\ epilaye hawe also been mea-
sured unde different pumpirg intensities from 23 to 73
W/cn?. Figure 4 shows the PL temporé responsemeasured
a E=3.491 ard 3.5 eV for two different l,,.. The PL
decy measurd at E=3.491eV can be approximatd by a
single exponentiawith a decy lifetime being close to 0.4
ns However the PL decy measurd at E=3.5( or 3.512
eV cannd be describe by a one or two exponentiadecay,
nor can it be describe by a bimolecula deca which is
expectd for a pure band-to-bad transition'? By considering
the fact tha the band-to-bad transitiors are unde the influ-
ence of the band-to-impuriy transition we can modé the PL

deca by using the following equation*>**

dp/dt=—B(Npp+Nan+pn)—p/7,, (2

where p(n) ard Np(N,) are the photoexcité hole (electron
ard unintentionaly dopeal dona (acceptor concentration,
respectively,r,, represergthe totd nonradiative recombina-

tion decy lifetime (including both the bulk ard interface
eserved.
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FIG. 4. The PL tempor& responsgof the 3.491 eV emissim line measured
a lge=23Wicn? (¢) and the 3.5 eV emissio line measurd at

lexe=23Wicn? () and 73 W/en? (O) a 10 K. The solid lines are the

least-squarefits of the experimenthdat with Eq. (3). The fitted values of

a (open squares for the 3.5 eV emissim line unde differert |, ard a

linear fit (solid line) of a vs I, are plotted in the inset.

nonradiatie recombinatiop*® and g is the radiative recom-
bination coefficient We obtan from Eq. (2)*2

poef’[/r

p(t)= [1+a(1_e—t/7)]! (©))

whete pg is the photoexcité hole concentratia at delay time
t=0, a=po/[(Np+Np)+1/(Br)], and 7={1[1/7,,
+ B(Np+N,) ]} isthetotd decy lifetime determine by the
totd impurity concentratia (Np+Ny), B, and 7, .

The PL decy measurd at 3.5 or 3.512 eV can all be
well describé by Eq. (3), as shown by the solid fitting
curves in Fig. 4 for two representatie excitatim intensities
| = 23 and 73 W/cn?. The fitted value of « under different
lexc 1S plotted in the inse of Fig. 4, which shows that «
increass linearly with | .., as we expecte sinceaxpy and
Po*lexc. HeEre pg is estimate to range from 1.76 to 5.55
X 10/cm® as | o varied from 23 to 73 W/cn?. The fitted
value of « varies from 13.8 to 38.8, which impliegy/«
=(Np+Np)+1/(B7,,)~1.27x10"%cm®. The upper-limit
value of the totd impurity concentratia (Np+N,) is thus
estimatel to be smallg than 1.27x 10'%cm?, which is con-
sistert with the fact tha the GaN epilaye studied here is

insulating The fitted value of 7is about 3.7 ns for both the

3.5 amd 3.512 eV emissim lines independen of |,
which is expectd from the relation 7=1/1/7,,+ B(Np
+Na)]. From « and 7, we obtain a value ofB=a/(pg7)
~1.96x 10 8cm’/s for the radiative recombinatia coeffi-
ciert in this insulatirg GalN epilayer.

Many importan issues reman to be understod concern-
ing the opticd properties of insulating GalN epilayersinclud-
ing () why the Ga\ epilaye becoms insulatirg unde the
growth conditiors describe here ard (b) why the band-to-
bard transitiors are dominarn in these MOCVD grown insu-
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lating Ga\ epilayer® The concentratia of nitrogen vacan-
cies is expecte to increag with a decreas of the ammonia
flow rate Thus one would expet tha the Ga\ epilayers
becone more heavily n type However our resuls are con-

trary to this expectation One possibility is tha more Ga
atons may occupy N sites as the ammona flow rate is re-

duced resultirg in more impurities Thes impurities behave
as compensatin centes and make the GaN epilayes more
resistive These impurities may also play the role as scatter-
ing centes tha prevern the formation of excitors even at low

temperaturesAs aconsequencehe band-to-bad transitions
are the dominan opticd transitiors in the insulatirg layers
studial here A full understandig of the mechanim as well

as the procedue for obtainirg high quality insulatig GaN

epilayes is very importart for mary 111 nitride device appli-

catiors sudh as heterostructie field effed transistors
(HFETS9, p-i-n detectorsetc.

In summary a high quality insulatig GaN epilayer
grown by MOCVD has been studied by picosecod time-
resolvel PL spectroscopyThe band-to-bad transitiors in-
volving both the A- and B-valene band were dominant
even a 10 K unde low excitatian intensities A dona level
with a binding energy of 12 meV was also identified in the
insulatirg GaN epilayer The PL decy was analyzel by a
moded tha considerd the photoexcité free carries under
the influence of impurities The band-to-bad transition de-

cey lifetime = was found to be about 3.7 ns and the total

impurity concentratia (Np+N,) was found to be smaller
than 1.27x 10'%cm? in the insulatirg GaN epilaye studied
here.
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