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Photoluminescence studies of Si-doped AlN epilayers
K. B. Nam, M. L. Nakarmi, J. Li, J. Y. Lin, and H. X. Jianga)
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Si-doped AlN epilayers were grown by metalorganic chemical vapor deposition on sapphire
substrates. Deep ultraviolet picosecond time-resolved photoluminescence~PL! spectroscopy has
been employed to study the optical transitions in the grown epilayers. The donor bound exciton~or
I 2) transition was found to be the dominant recombination line in Si-doped AlN epilayers at 10 K
and its emission intensity decreases with increasing Si dopant concentration. Doping-induced PL
emission linewidth broadening and band-gap renormalization effects have also been observed.
Time-resolved PL studies revealed a linear decrease of PL decay lifetime with increasing Si dopant
concentration, which was believed to be a direct consequence of the doping-enhanced nonradiative
recombination rates. ©2003 American Institute of Physics.@DOI: 10.1063/1.1616199#
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With the tremendous progress of III-nitride research a
development in terms of both fundamental understanding
well as device applications, AlN emerges as an import
wide band-gap semiconductor material. AlN and Al-rich A
GaN alloys, covering wavelengths down to 200 nm, are id
materials for the development of chip-scale ultraviolet~UV!
light sources/sensors, because AlGaN is the only wide ba
gap semiconductor system that possesses the ability of b
gap engineering through the use of alloying and heterost
ture design. AlN has many other attractive properties,1,2 such
as high mechanical hardness and thermal conductivity, la
dielectric constant, and high resistance to harsh conditi
In spite of the recognition of the importance of AlN, many
its fundamental optical properties, particularly the recom
nation dynamics associated with free carriers, excitons,
band-to-impurity transitions in AlN, are still largely un
known due to the lack of high quality materials as well
technical difficulties involved in the deep UV~down to 200
nm! time-resolved photoluminescence~PL! measurements.

Recently, our group has obtained undoped AlN epilay
with high optical qualities on sapphire substrates by me
organic chemical vapor deposition~MOCVD!. Very efficient
band-edge PL emission lines have been observed with a
band-gap excitation.3 We have developed a deep UV pic
second time-resolved optical spectroscopy system for p
ing the emission properties of III-nitrides with high Al con
tents with a time-resolution of a few ps and waveleng
down to deep UV~195 nm! to cover pure AlN. A value of
about 80 meV for the free exciton binding energy in AlN w
deduced from time-resolved PL studies, with a large f
exciton binding energy in semiconductors, implying that e
citons in AlN are an extremely robust system that wou
survive well above room temperature.4 This together with
other well-known physical properties of AlN may conside
ably expand future prospects for the application of III-nitri
materials.

The availability of AlN epilayers with high optical qual
ity and deep UV picosecond time-resolved PL system op
the possibility for us to probe the recombination dynam

a!Electronic mail: jiang@phys.ksu.edu
2780003-6951/2003/83(14)/2787/3/$20.00
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associated with fundamental optical transitions in AlN.
this letter we present the results of MOCVD growth of
doped AlN epilayers and the results of deep UV picoseco
time-resolved PL studies. Doping-induced PL emission lin
width broadening, enhanced nonradiative decay rate,
band-gap renormalization have been observed.

The 1mm thick Si-doped AlN epilayers were grown b
MOCVD on sapphire~0001! substrates with low temperatur
AlN nucleation layers. Trimethylaluminum~TMAl !, NH3,
and SiH4 were used as Al, N, and Si sources. Atomic for
microscopy~AFM! was employed to examine the surfa
morphologies of the grown epilayers. The deep UV la
spectroscopy system used for picosecond time-resolved
studies consists of a frequency quadrupled 100 fs Ti:sapp
laser with an excitation photon energy set around 6.28
~with a 76 MHz repetition rate and a 3 mWaverage power!,
a monochromator~1.3 m!, and a streak camera with a dete
tion capability ranging from 185 to 800 nm and a time res
lution of 2 ps.5 Secondary ion mass spectroscopy~SIMS!
measurements~performed by Charles Evans & Associate!
indicated that the Si dopant concentration,NSi , in the grown
layers varied from 1.531017 to 1.531018 cm23. However,
Hall effect measurements have shown that all layers w
highly resistive.

Figure 1 shows the low-temperature~10 K! PL spectra of
Si-doped AlN epilayers with different Si dopant concentr
tions, NSi . For the lightly doped sample,NSi51.5
31017 cm23, two emission peaks~with Gaussian shapes!
are well resolved and we assign the emission line at 6.024
to the donor bound exciton (I 2) transition. The temperature
dependence of the PL emission characteristics as well as
PL decay lifetime measurements further confirm th
assignment.4 The general trends seen for theI 2 transition are
that its emission intensity decreases whereas the FWHM
creases with increasingNSi . Furthermore, Si doping also in
duces a redshift in the spectral peak position of theI 2 emis-
sion line. These results are more clearly illustrated in Fig
where the integrated PL intensity, FWHM, and the spec
peak position of theI 2 emission line as functions ofNSi are
depicted.
7 © 2003 American Institute of Physics
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FIG. 1. Low-temperature~10 K! PL spectra of the band-edge transitions
Si-doped AlN with different Si-doping concentrations,NSi .

FIG. 2. ~a! Integrated PL intensity,~b! full width at half maximum
~FWHM!, and~c! the PL energy peak position of theI 2 emission line,EP ,
as functions ofNSi in Si-doped AlN epilayers and the solid line is th
least-squares fit of data with Eq.~2!.
rticle is copyrighted as indicated in the article. Reuse of AIP content is s
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Figure 2~a! shows that theI 2 emission intensity de-
creases continuously with increasingNSi . This implies an
increased defect density as well as a reduced materials q
ity with an increase ofNSi . This fact contrasts the result
obtained for GaN, in which Si doping in general improv
the material quality and the PL emission intensity.6–8 AFM
studies also reveal that the root mean square~rms! of surface
morphology increases with increasingNSi , varying from 0.7
nm for NSi50–6 nm forNSi51.531018 cm23, indicating a
reduced material quality with increasingNSi and corroborat-
ing the PL results. TheI 2 transition line can be described b
a model that accounts for the emission line width broaden
due to local potential fluctuations induced by random dis
butions of doping impurities:6,7

FWHM5E01aANSir s, ~1!

whereE0 is the FWHM atNSi50, a a constant depending o
materials, andr s the Debye or Thomas–Fermi screening r
dius for nondegenerate and degenerate doping conce
tions, respectively. The solid line is the least-squares fit
data with Eq.~1!. The fitted value ofE0 is 15.1 meV, which
is in excellent agreement with the FWHM~15.5 meV! of the
I 2 transition in undoped AlN.4

Si doping also induces band-gap renormalization. Fig
2~c! shows that the spectral energy peak position (Ep) of the
I 2 emission line decreases~i.e., is redshifted! with an in-
crease ofNSi in Si-doped AlN epilayers. Band-gap renorma
ization is usually due to free carrier screening and is writ
as DEp52Kn1/3, whereDEp is the reduction of the band
gap,n is the electron concentration, andK is a proportion-
ality constant depending on materials.9–11 However, no free
electrons were found in these samples since all of our A
epilayers studied here exhibit a high resistivity. The ban
gap reduction in this case is presumably due to the scree
of ionized impurities, implying that Si doped AlN epilayer
grown here are highly compensated. In such a context,DEp

is assumed to be proportional toNSi for compensated mate
rials:

DEp52KNSi
1/3. ~2!

The dotted line in Fig. 2~c! is the least-squares fit of dat
with Eq. ~2! and clearly shows the effect of doping-induce
band-gap renormalization in Si-doped AlN epilayers.

The temperature evolution of the PL spectra has b
studied. Figure 3 shows that the dominant emission line
Si-doped AlN evolves from theI 2 to the free exciton (FX)
transition with increasing temperature. This is expected si
the donor bound excitons dissociate into free excitons (FX)
and neutral donors, which is consistent with the results s
in Si-doped GaN and also in undoped AlN in whichI 2 is the
dominant transition at low temperatures.4,11 The absolute
emission intensity of theFX transition line also decrease
with increasingNSi . The spectral peak positions of both th
I 2 andFX transitions are redshifted with increasing tempe
ture and can be written asEp(FX)5Eg2Ex1akBT and
Ep(I 2)5Eg2Ex2Ebx , respectively, whereEx and Ebx are
the binding energies of the free exciton and donor-bou
exciton, respectively, anda is a constant. Therefore, the en

ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded 

2 May 2014 01:31:31



n

r-
ct

ay

tio
y

tie
.

e
is
e
t

d
ed
, d
ng

ed
e-
tion

at
ity

.

.

.

.

idt,

pl.

ra-

A
k
i-

si-

2789Appl. Phys. Lett., Vol. 83, No. 14, 6 October 2003 Nam et al.

 This a
ergy separation between theFX and the I 2 transitions is
expected to increase with increasing temperature and ca
written as

DEp5Ep~FX!2Ep~ I 2!5Ebx1akBT. ~3!

The fitted value ofa was obtained to be 0.56.
The PL temporal responses of AlN-epilayers with diffe

ent Si doping levels have been measured at their respe
spectral peak positions and the results are shown in Fig. 4~a!.
Figure 4~b! shows that the PL decay lifetime,t, decreases
linearly with increasingNSi . In Fig. 4~b!, the solid line is a
linear fit of the experimental data. The fitted value oft582
ps atNSi50 is also in excellent agreement with the dec
lifetime ~80 ps! of the I 2 transition in undoped AlN.4 We
believe that the linear decrease of PL decay lifetime withNSi

is associated with an increased nonradiative recombina
rate with increasingNSi , which corroborates the PL intensit
decreasing withNSi shown in Fig. 2~a!.

In summary, we have investigated the optical proper
of Si-doped AlN epilayers grown on sapphire by MOCVD
The donor-bound exciton (I 2) transition was found to be th
dominant transition in these epilayers at 10 K and its em
sion intensity decreased with increasing Si-doping conc
tration,NSi . The FWHM of theI 2 transition line measured a
10 K increased with increasingNSi and displayed a (NSi)

1/2

dependence, due to the local potential fluctuations cause
randomly distributed doping impurities. The doping induc
band-gap renormalization effect has also been observed
spite the fact that Si doping did not convert highly insulati

FIG. 3. PL spectra measured at different temperatures for Si-doped
epilayer withNSi5431017 cm23. The arrows indicate the PL spectral pea
positions of theI 2 andFX transitions. The dissociation of the bound exc
tons with increasing temperature is clearly resolved.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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AlN to n type. The results thus point to the fact that Si dop
AlN epilayers grown here are highly compensated. Tim
resolved PL measurements revealed that the recombina
lifetime of the I 2 transition decreases linearly withNSi , in-
dicating an increased nonradiative recombination rate
higher doping levels, which is consistent with PL intens
results.
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FIG. 4. ~a! Temporal responses of theI 2 recombination line in Si-doped AlN
epilayers with differentNSi measured at their respective spectral peak po
tions; ~b! PL decay lifetime as a function ofNSi . The solid line is a linear fit
of the experimental data.
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

2 May 2014 01:31:31


