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AIN epilayers with high optical qualities have been obtained by metalorganic chemical vapor
deposition on sapphire substrates. Deep UV picosecond time-resolved photoluming&ience
spectroscopy has been employed to study the optical transitions in AIN epilayers. Two PL emission
lines associated with the donor bound excit@?X, orl,) and free excitonEX) transitions have

been observed, from which the binding energy of the donor bound excitons in AIN epilayers was
determined to be around 16 meV. Time-resolved PL measurements revealed that the recombination
lifetimes of thel, and free exciton transitions in AIN epilayers were around 80 and 50 ps,
respectively. The temperature dependencies of the free exciton radiative decay lifetime and emission
intensity were investigated, from which a value of about 80 meV for the free exciton binding energy
in AIN epilayer was deduced. This value is believed to be the largest free exciton binding energy
ever reported in semiconductors, implying excitons in AIN are an extremely robust system that
would survive well above room temperature. This together with other well-known physical
properties of AIN may considerably expand future prospects for the application of lll-nitride
materials. ©2003 American Institute of Physic§DOI: 10.1063/1.1559659

Recently, AlGaN alloys, particularly Al rich AIGaN al- tions at different temperatures; from which the binding ener-
loys have attracted much interest due to their applications igies associated with the donor bound excitons and free
solid-state UV light sources for bioagent detection as well agxcitons in AIN epilayers have been deduced.
for general lighting. AIN has many attractive properttés, The 1.um-thick AIN epilayers were grown by MOCVD
such as high mechanical hardness and thermal conductivitpn sapphire(0001) substrates with low temperature AIN
large dielectric constant, and high resistance to harsh enviucleation layers. Trimethylaluminum and Nivere used as
ronments. Moreover, AIN is unique due to the fact that noAl and N sources. Atomic force microscopy studies upon the
other semiconductor possesses such a large direct band gAfN epilayers revealed smooth surfacesith a typically 1
as well as the ability of band gap engineering through the usBM roughness across aunx2 um scanning areafree of
of heterostructures. cracks. The deep UV picosecond time-resolved laser spec-

In spite of the recognition of the importance of AIN, troscopy system used here basically consists of a frequency
many of its fundamental optical emission properties, particuduadrupled 100 fs Ti:sapphire laser with an excitation photon
larly the recombination dynamics associated with the funda®nergy set around 6.28 etith a 76 MHz repetition rate
mental optical transitions in AIN, are still unknown due to @d & 3 mWaverage powgr a monochromatof1.3 m, a
the lack of high quality materials as well as technical diffi- St'éak camera with a detection capability ranging from 185

culties involved for the deep UVdown to 200 nm time-  t© 800 nm, and a time resolution of 2 bs.

resolved photoluminescend®L) measurements. Recently, Figure 1 S,hOWS the low t_em_peratl{fEO K) PL spectrum

our group has obtained AIN epilayers with high optical quali-for an AIN epilayer. Two emission pea_ks are well resplved,

feson sapprs substas by metrgan chemicalvapdf ' St =100 oo be S by Seuesn e

deposition(MOCVD). Very efficient band edge PL emission the néutral donor-bound-exciton recon%binatidi)?){() or |

lines have been observed with above band gap deep UV Iasg\r d ission i t the high id 2 d

excitation® We have also developed a unique deep UV pico- second emission fine at the higner energy side aroun
6.031 eV is also clearly resolved, which is attributed to free-

second time-resolved optical spectroscopy system for prob- " o D .
ing the emission properties of IlI nitrides with high Al con- exciton transition £X). The emission spectral line shape

tents with a time-resolution of a few picoseconds andresembles those of GaN epilayers in which both free- and

lenath d 0 d U295 nm t P AN bound-excitons emission lines were prefehfThe separa-
wavelengin down fo deep M) to cover pure ' tion between the two peaks is around 16 meV, which corre-
In this letter, we present the deep UV picosecond time-

. o : sponds to the binding energy ©f, E,, in AIN epilayer.
resolved PL results of fundamental optical transitions in AN i\ 1ue is about 2.5 times larger than in G, (=67

epilayers. Two band edge emission lines were observed at ]rﬂev)_G—loThiS enhanced binding energy of the donor bound
K and were assigned to the donor pound excitbj) (anq exciton in AIN is attributed to the fact that the free exciton
free gxqton EX) transitions, respectively. The recomplna- binding energyE, , in AIN is larger than that in GaN due to
tion lifetimes were also measured for theandFX transi- ¢ larger effective masses of electrons and holes in AIN. The
full widths at half maxima(FWHM) of the emission lines
¥Electronic mail: jiang@phys.ksu.edu indicated are 15.5 and 12.5 meV for theand FX transi-

0003-6951/2003/82(11)/1694/3/$20.00 1694 © 2003 American Institute of Physics
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FIG. 2. PL spectra measured at different temperatures for an AIN epilayer.
The arrows indicate the PL spectral peak positions of the bound exd¢ifpn (

tions, respectively, which are larger than those in GaNand free excitonEX) transition lines.
epilayers>—®

The temperature evolution of the time-integrated PL  The radiative recombination lifetime of free excitons,
spectra is shown in Fig. 2. Other than the larger separation . can be obtained from the measured decay lifetimes
energy between the, and FX emission lines seen in AIN (7 ) and quantum efficiencyy=1gm(T)/1em(0), With the
than in GaN(16 vs 6 meV, the temperature variation of the assumption that the radiative recombination is the dominant
PL spectra of AIN shown here is very similar to that of GaN process at low temperature, wheig,(T) and I o(0) are
epilayers.>~**The PL intensity of the bound exciton transi- the PL emission intensities at temperatlirand 0 K, respec-

tion decreases with temperature more rapidly than that of thgyely. The radiative lifetime ¢,,9 can be obtained from the
FX transition, which is expected because the donor boungyiowing equationt®

excitons dissociate into free excitonsX) and neutral do-
norsD®, (D°X—FX+DY). Trad™ Teft! 7- (1)
The temporal responses of theandFX recombination By taking | or(0)~1 oy (10 K), we have obtained the tem-

lines were measured at their respective spectral peak posé'erature dependence af,, for AIN epilayers forT>100 K,
tions at 10 K as displayed in Fig. 3. The decay lifetimes wer

o €s shown in Fig. 5. From Fig. 2, the process of the bound
found to be around 80 ps fop and 50 ps folFX transition o it0n dissociation intdX transition affects the measured

at T=10 K. The bound exciton lifetime in AN is slightly 4o .2y jifetime and quantum efficiency largelyTat 100 K.
shorter than the approximately 100 ps reported for GaNyg shown in Fig. 57,.increases with' according tor%2in

gpilayers‘?‘s Valugs ranging from 50 to 350 ps for the life- the temperature range of 180 <200 K for AIN, a well
time of free excitons in GaN epilayers depending on the \ /1 feature of free excitons or free carriers in

purity and crystalline quality of the materials have beenggiconductord® A similar behavior has been observed in
reported®=® We believe that the observed low temperature

free exciton lifetime of 50 ps is predominantly the radiative

I (AU)

emi

FIG. 1. Low-temperatur€l0 K) cw PL spectrum of an AIN epilayer grown
on sapphire.

recombination lifetime in AIN. ol ' @ )
Figure 4a) plots the decay lifetime4.) of thel, tran- \ T=10K, AIN epilayers

" . . L 1,~80 ps, L(E=6.015 eV)

sition line as a function of the emission enerdy,(;) mea- 4 4 ]

sured atT=10 K. The decay lifetime decreases monotoni- et .

cally from 102 ps aE=6.004 eV to 78 ps aE=6.027 eV. 8 'I'.-""-_"t'.'ﬂ_',.-'_-"_'-_'.'_":_''f_--.,_,'1

Similar behaviors have been observed for thand!, (ac- '_-‘E . .t

ceptor bound excitontransition lines in GaN epilayers;'* = 12

which was attributed to the existence of a distribution of the E ™y ®) ]
. . % t_~50 ps, FX(E=6.031 V)

binding energy of the bound exciton. The measured decay " FX

lifetime of the FX transition is almost independent BE,y,;. 4 "'"h'-

Figure 4b) exhibits the temperature dependence of the re- '.-:}‘-.'.-';_,:-_-_.w;_:...'_._'..-_ Sat

combination lifetime of the, andFX transitions measured 8 LT i

at their respective spectral peak positions. Decay lifetimes of

bothl, andF X transitions decrease with increasing tempera- 125 02 04 06 08

ture; however, thé-X decay lifetime decreases slower than
thel, transition, which corroborates the results shown in Fig.
2—the bound exciton dissociates first into a neutral donokc 2. Temnoral responses of PL emissions measured at 10 K at the hound
and a free exciton with increasing temperature. exciton and free exciton spectral peak positions in an AIN epilayer.

Time (ns)
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L o FIG. 5. Temperature dependence of the radiative decay lifetime of free
FIG. 4. (a) Emission energy dependence of the decay lifetime of the boundyyitons in AIN. The solid line is the fit based on a theory of free exciton
exciton and free exciton transition lines in an AIN epilayer measured at 1Qjissqciation in Ref. 15.

K. The time-integrated emission spectrum is also includedTemperature
(rjneerfsr:;:ggcaet ?geti:‘fersecom_bi“aﬁon ”fle“mek(’f the bound and free excitongjissociation at temperatures above 200 K, following the
pective spectral peak positions. same trend as GaN. From the low temperat{i@ K) emis-
sion spectra, the temperature dependence of the recombina-
GaN between 50 and 100 R The temperature range for the tion lifetime, and the PL emission intensity activation energy,
relation 7., T%? to hold in AIN is higher than in GaN, the binding energies of the bound excitons and free excitons
which is due to a larger binding energy of the bound excitorin AIN were deduced to be around 16 and 80 meV, respec-
in AIN. At temperatures higher than 200 K, the measuredively. From this, the energy band gap of AIN epilayers
decay lifetime ofF X transition is dominated by the dissocia- grown on sapphire was found to be around 6.11 eV at 10 K.
tion of free excitons. However, thEX transition can be The observed large free exciton binding energy implies that
observed and is the dominant transition at room temperatur@xcitons in AIN are extremely robust entities.
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