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Time-resolvel photoluminescere (PL) spectroscop has been usal to study the radiative
recombinatio of excitors bourd to ionized donos in Ga\ dopel with both Mg ard S at
concentratios of 5x10%¥cm*® and 1.5x10'/cm®, respectively Low temperatue (T~ 10K)
time-resolvedas well as integratel PL spectraidentify an ionized donor-bouud (Si) excitan peak
(D" X) approximatel 115 meV belov and a neutrd acceptor-boudh exciton (A°X) 205 meV
below the free excitan peak Rapid decd of the free exciton emissian (<20 ps) implies tha excitons
are quickly capturel by acceptos ard ionized donors We find the (A°X) emissim lifetime is
consistehwith previols measuremestfor GaN:Mg epilayers while the (D * X) lifetime of 160 ps
is longe than tha of the well studied neutrd donor-boun excitan (D°X). The measurd (D *X)
lifetime, in comparisa with (D°X) and (A°X), suggesttha the stak is stabk at low temperature.
© 199 American Institute of Physics [S0003-695(99)03604-9

GalN ard its relatal alloys are recognizeé as technologi-
cally importart materiak and have accordingy been exten-
sively studiad in recer times Photoluminescere(PL) spec-
troscopy is one commonly employed method of
semiconducto characterization At low temperaturg this
techniqee may yield severdiscrete radiative recombination
lines associatd with the free carriers impurities and defects
within the semiconductorln the cas of GaN, radiative re-
combinatia of excitons both free and bourd to neutrd ac-
ceptos (A°X) and donos (D°X), hawe bee extensively
studied'~® However othe expecte transitiors such as the
ionized donor-boun excitan (D ™ X) haw only recenty been
identified!®!! Consequentlythe dynamics of this transition
are still not well known.

Many GalN basel devices incorporaé p-n junctions or
othe bipolar structures in which ionized donos may be
prevalent Thus the opticd properties and dynamic of the
(D*X) stae may play an importart role in device perfor-
mance In this letter, we repot the resuls of a time-resolved
PL spectroscop study of the (D*X) transition in a GaN
epilaye doped with both Si donois and Mg acceptorsThe

1.7 um GaN epilayer was grown by metalorganic chemical
vapa depositim (MOCVD) on a (0001) sapphie substrate

after low temperatue (550°C) deposition of a thin GaN
buffer layer. Si and Mg were incorporate during epilayer
growth using SiH, and Cp,Mg sources respectively Post-
growth annealilg in a Nitrogen ambiert (30 min, 800°C)
was performel to activae the Mg acceptors? Seconday ion
mas spectroscop analyss verified an averag Mg concen-
tration of 5x10%cm® armd Si concentratioc of 1.5
X 10'/em3. The proportionate} large Mg concentratia is
expecté to resut in full compensatio of the Si donors
within the GaN Consequentlyeven at low temperaturethe
dona states are expected to be completey ionized Undoped
epilayes producel by our MOCVD systen exhibit free ex-
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citon PL emissim at low temperaturgroom temperatug Hall
mobility of 450 cn?/Vs, ard exces electro concentratia of
n~2x10cm?.

The sampé was coolad to 10 K with a closeal cycle
helium refrigerate and optically pumpel with alase system
which produce 10 ps pulses at 290 nm. PL emission was
analyzel with a 1.3 m monochromete and detecte with
eithea a microchannel-pla photomultiplie tube for time-
integrated spectra or a synchroscan streak camera
(Hamamats C568Q for time-resolve spectra The streak
camea is capabé of 2 ps time resolution However due to
the combinal effecs of lase pulse width and temporal
sprea within the monochrometerthe time resolutio is es-
timated to be approximate}l 20 ps. The lase and PL collec-
tion systens have been describe in more detal elsewheré?

Figure 1 shows time-integratd PL specta obtainel un-
der variows excitation intensities | o, Spannig nearyy 3 or-
ders of magnitude PL specta representig differert |, are
shifted vertically for clea presentationin Fig. 1, there are
two predominah emissiom peals seen nea bard edge and
their relative intensities chang with |4,.. We al9 find that

Ithe totd bard edge PL intensiy (IPL) varies superlinearly

with 1., approximate} as IpLxIeXC, as shown in the inset
of Fig. 1. SuperlineaPL yield has previousy been observed
for exciton relatel emissiofi and generaly reflecs the intrin-

sic natue (dependene on both photoexcite electrors and
holeg of the transition.

The temporad characte of the PL features observe in
Fig. 1 was recordel with the strek cameraFigure 2 shows
time-resolvel PL spectarecordel at three representatie de-
lay times relative to the incidert lase pulse The spectra
recordel at timest=0, 50, and 1250 ps are arbitrarily scaled
for presentationThe very shot lived pe&k at 3.484% eV is
identified as the free exciton associatd with the A valence
bard (FX,).%° The FX, position implies a binding energy
of 205 meV for the 3.464 €V peak which identifies it as
(A°X).101 The remainiry pe& at 3.473 eV has abinding
energy of 115 meV which is in very goad agreemenwith
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FIG. 1. Time-integratd PL specta acquirel at 10 K for differert excitation
intensities (1., . The inse shows the variation of the integratel PL intensity
with I gyc.

the recenty reportal (D*X) binding enery as determined
from continuos wave PL spectroscop measurement®:!
The (D *X) assignmenis further supporte by the expecta-
tion tha the Si donoss in the sampé are fully compensated
by the highe concentratia of Mg acceptors.

The FX, emissia lifetime in this sampe is very short
(=< 20 ps), which implies tha excitors are eithe rapidly
capturel by ionized donoss or neutrd acceptos or quenched
by othe nonradiatie processesFurthermore the time re-
solved data revea tha the FX, emissio decag before the
onse of PL decy at the (D X) or (A°X) emissim energies.

- o t=0ps
2.5'T 10K 3473 ——— t=50ps 7
Iexc = 0'110 i . t=1250 ps
(D'X) ]
2.0
B
I 1.5
2
17}
5
E 1.0
0.5
0.0 N ——
345 346 347 348 349
Energy (eV)

FIG. 2. Time-resolvel PL specta obtainal at three differert delay times
relative to the incidert lase pulse From right to left, the specta were
measurd at the point of lase excitatin (t=0 ps), the onse of PL decay
(t=50p9), and atime 1.25 ns after the lase pulse.
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FIG. 3. Tempor& decy of PL intensiy at E=3.473 eV for two represen-
tative | ... The decag are describe well by a two exponentia function,
which reflecs the contributiors of two distind (overlapping transitiors as
evidence in Fig. 2. The inse shows time integratel intensities (A7) from a
series of fit resuls of the form 1 (t) =A; exp(—t/7)+A; exp(—t/7,).

Thes facts suppot a mode for (D *X) formation whereby
ionized donos captuke free excitons It may also be possible
that (D" X) states form in atwo step proces involving free
electrors and holes [D*+e~—D? followed by D°+h™*

—(D*X)]. Such aformation proces is nat preclude by any
of our experimenth observations However becaus the
(A°X) stake mod likely involves the captue of a free exci-
ton, we beliewe tha sufficient excitan formation mug occur
in this sampe so tha atwo ste captue proces neeal not be
invoked for (D *X) formation.

Figure 3shows the PL decy at the (D*X) pe& energy
of 3.473 eV for two excitatian intensities Emissia lifetimes
were determine by leag squarsfits of one or two exponen-
tial deca form. The decay shown in Fig. 3 are nat single
exponentibbecaus they represenPL contributiors at 3.473
eV from two distind but overlappimy transitiors as shown in
Figs 1 ard 2. The long lifetime componeh of 7,=518ps
(lex=0.1 ) is comparake with a previousy reporte mea-
suremen of the (A°X) emissim lifetime for a GaN:Mg
epilayer? The shot lifetime component,r;=172ps is re-
lated to (D*X) emission The two exponenti& fit has the
form 1(t)=Aexp(t/m)+Aexp(t/m). In this way, the
producs A; 7, ard A, T, representhe time integratel inten-
sities for ead of two distind emissionsThe inse of Fig. 3
shows the emissio enery dependene of the two decay
componerg (A;71, A,7,) extractel from a series of decay
curves The resultirg profiles resembé very closel the time-
resolvel emissiom peals shown in Fig. 2 ard clearly demon-
strake tha the decy componentsr; and 7, represeh the
recombinatia lifetimes of the (D *X) and (A°X) emission,
respectively.

The expectd lifetime for the (D*X) emissim may be
estimate by using a theoretica relationshp betwea the
bourd (F) and free excitn (F,) oscillata strengtls of'®

Copyright ©2001. All Rights Reserved.



Appl. Phys. Lett., Vol. 74, No. 4, 25 January 1999

Mair et al. 515

TABLE |I. Compariso of experimentall measurd parametes for low temperatue (~10 K) PL emissions
associate with bourd exciton states in hexagonhGaN Listed quantities include exciton binding energy (Eg),

emissim lifetime (7. ), ard therma dissociatio energy.

Bound Eg T Thermal Relevant
state (meV) (ps dissociatio (meV) material/structure
(A °X) 20-21.5 370-660 No data p-type
(D °Xx) 6-7 35-100 n-type intentiond and unintentional
(A™X) e B Existene is precluded
(D *X) 112-115 160 No data Bipolar structuresintentional
and unintention& codoping
F=(Eqo/Ep) 3 o. (1) In conclusion the recombinatio dynamic of a (D *X)

Here E, is the binding enery of the exciton Eg,
=(2h2Im)(7/Q)?3, m is the effective mas of the free
exciton and ) is unit cel volume From Eg. (1), the ratio
of radiative lifetimes for two distind bourd exciton transi-
tions is expressé as

7'1/7'2:F2/F1:[(Eb)1/(Eb)z]3/2- 2

The authors laboratoy previousy reportel a 100 ps lifetime
for (D°X) emissim with a 7meV binding energy? These
values togethe with the measurd (D * X) binding energ of
115 meV, yield from Eq. (2) an expectd lifetime of 210 ps
for (D*X) emission Although the expecte lifetime is
somewha longe than the measurd (D" X) emissia life-

time of 7=160ps, the trend of increased lifetime for in-

creasd binding enery is evident.

Decy lifetimes were measurd as a function of PL
emissiom energy (nat showr) for the three representatie ex-
citation intensities Both the (A°X) and (D*X) emissions
exhibited atrend of decreasig lifetime with increasig emis-
sion energy For example at 1.,.=0.1, the (D" X) lifetime
decreasg monotonicaly from=180 ps at E=3.48¢€V to
=120 psat E=3.47eV. A similar dependeneof emission
lifetime on emissim enery has bean observe for excitons
bourd to neutrd acceptos and donois in GaN?* It may be
understod as the resut of a distribution of exciton binding
energies due to locd variatiors of the crystd quality at the
impurity sites Following Eg. (2), lower enery emission
(large binding energy will exhibit a longe radiative life-
time than highe enery emission The deca lifetimes were
measurd for three excitation intensities The average
(D*X) lifetime increasd slightly with increasim I 4, from
approximatelyr=120 ps afl ;,;,c=0.01 3 to 7=160 ps atl oy
=1o. The (A°X) lifetime, on the othe hand was maximum
for I o,c= 0.1, (7=660 ps).

Table | displays a summay of parametes for the four
mog fundamenthbourd exciton states in hexagonh GaN.
The quantities listed include excitan binding enery (Eg),
emissim lifetime (7)), and therma dissociatim energy No
parametes are indicated for the ionized acceptor-bout ex-
citon (A~ X) becausgto our knowledge it has not been ob-
served In fact, effective mas argumeng precluck the exis-
ten of this stak in hexagonaGaN%®The values given in
Table | representhis work ard a survey of references™
While this survey is not exhaustive we beliew it is repre-
sentatie of the majority of publishel data for the listed pa-
rameters.

transitian in MOCVD grown GaN doped with both Si and
Mg hawe bee studied with time-resolvel PL spectroscopy.
The bard edge PL at 10 K is found to consis of (D *X) and
(A°X) transitiors as determine from the observe binding
energies We find tha the measurd (D*X) lifetime of t
=160ps is longe than reportal values of the (D°X) emis-
sion lifetime, which is consistenh with the relatively larger
binding enery of (D*X). The magnitue of the (D*X)
lifetime at T=10K, in comparisa with (D°X) and (A°X),
implies tha the stak is reasonalyl stabk and not subjed to
rapid nonradiatie decay Becausg ionized donos are ex-
pectal to be prevalen within bipolar or codopel structures,
the opticd properties and dynamic of the (D * X) transition
is of relevane to the characterizatioomodelling and perfor-
mane of mary GaN basel devices.
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