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Si-doped AIN epilayers were grown by metalorganic chemical vapor deposition on sapphire
substrates. Deep ultraviolet picosecond time-resolved photolumines@@hcepectroscopy has

been employed to study the optical transitions in the grown epilayers. The donor bound éxciton

I,) transition was found to be the dominant recombination line in Si-doped AIN 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. @003 American Institute of Physic§DOI: 10.1063/1.1616199

With the tremendous progress of llI-nitride research andassociated with fundamental optical transitions in AIN. In
development in terms of both fundamental understanding athis letter we present the results of MOCVD growth of Si
well as device applications, AIN emerges as an importantioped AIN epilayers and the results of deep UV picosecond
wide band-gap semiconductor material. AIN and Al-rich Al- time-resolved PL studies. Doping-induced PL emission line-
GaN alloys, covering wavelengths down to 200 nm, are idealidth broadening, enhanced nonradiative decay rate, and
materials for the development of chip-scale ultraviglgV) band-gap renormalization have been observed.
light sources/sensors, because AlGaN is the only wide band- The 1 um thick Si-doped AIN epilayers were grown by
gap semiconductor system that possesses the ability of bangrocvp on sapphiré0001) substrates with low temperature
gap engineering through the use of alloying and heterostrucy|N nucleation layers. TrimethylaluminuriTMAI), NH3,
ture design. AIN has many other attractive propertiésuch and SiH, were used as Al, N, and Si sources. Atomic force
as high mechanical hardness and thermal conductivity, Iargr%icroscopy(AFM) was employed to examine the surface
dielectric constant, and high resistance to harsh Condition%orphologies of the grown epilayers. The deep UV laser
In spite of the recognition of the importance of AIN, many of spectroscopy system used for picosecond time-resolved PL

its fundamental optical properties, particularly the recombl-Studies consists of a frequency quadrupled 100 fs Ti:sapphire

nation dynamics associated with free carriers, excitons, an%ser with an excitation photon energy set around 6.28 eV
band-to-impurity transitions_ in AIN{ are stiI_I largely un- (ith a 76 MHz repetition rate aha 3 mWaverage pOW.ér
known due to the lack of high quality materials as well asa monochromatofl.3 ), and a streak camera with a detec-

technical difficulties involved in the deep Udown to 200 i bilit ina f 185 t0 800 dati
nm) time-resolved photoluminescen@@lL) measurements. 'O_n capa ||y5rang|ng rom_ 0 nm and a time reso-
4ut|on of 2 ps? Secondary ion mass spectroscof8IMS)

Recently, our group has obtained undoped AIN epilayer )
with high optical qualities on sapphire substrates by metal_measurement(sperformed by Charles Evans & Associates

organic chemical vapor depositigNlOCVD). Very efficient  indicated that the Si dopar;t concentragb@- 1 the grown
band-edge PL emission lines have been observed with abol@yers varied from 1.5 10" to 1.5¢10" cm™*. However,
band-gap excitatiod.We have developed a deep UV pico- Hall effect measurements have shown that all layers were
second time-resolved optical spectroscopy system for proglighly resistive.
ing the emission properties of Ill-nitrides with high Al con-  Figure 1 shows the low-temperatue K) PL spectra of
tents with a time-resolution of a few ps and wavelengthSi-doped AIN epilayers with different Si dopant concentra-
down to deep UM(195 nm) to cover pure AIN. A value of tions, Ng. For the lightly doped sampleNg=1.5
about 80 meV for the free exciton binding energy in AIN was X 10'” cm™3, two emission peakséwith Gaussian shapgs
deduced from time-resolved PL studies, with a large freeare well resolved and we assign the emission line at 6.024 eV
exciton binding energy in semiconductors, implying that ex-to the donor bound excitorl ) transition. The temperature
citons in AIN are an extremely robust system that woulddependence of the PL emission characteristics as well as the
survive well above room temperatuterhis together with  PL decay lifetime measurements further confirm this
other well-known physical properties of AIN may consider- assignment.The general trends seen for thetransition are
ably expand future prospects for the application of Ill-nitride that its emission intensity decreases whereas the FWHM in-
materials. creases with increasings;. Furthermore, Si doping also in-
The availability of AIN epilayers with high optical qual- quces a redshift in the spectral peak position ofithemis-
ity and deep UV picosecond time-resolved PL system opensjon |ine. These results are more clearly illustrated in Fig. 2,
the possibility for us to probe the recombination dynamicsyhere the integrated PL intensity, FWHM, and the spectral
peak position of theé, emission line as functions dg; are
¥Electronic mail: jiang@phys.ksu.edu depicted.
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FIG. 1. Low-temperatur€l0 K) PL spectra of the band-edge transitions in
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FIG. 2. (@ Integrated PL intensity,(b) full width at half maximum
(FWHM), and(c) the PL energy peak position of tthe emission lineEp,

as functions ofNg; in Si-doped AIN enilayers and the sclid line is the

least-squares fit of data with E(P).

Nam et al.

Figure 2a) shows that thel, emission intensity de-
creases continuously with increasiiNg;. This implies an
increased defect density as well as a reduced materials qual-
ity with an increase oNg;. This fact contrasts the results
obtained for GaN, in which Si doping in general improves
the material quality and the PL emission intenSity AFM
studies also reveal that the root mean squares) of surface
morphology increases with increasiig;, varying from 0.7
nm for Ng;=0—6 nm forNg=1.5xX 10*® cm™2, indicating a
reduced material quality with increasimds; and corroborat-
ing the PL results. Thé, transition line can be described by
a model that accounts for the emission line width broadening
due to local potential fluctuations induced by random distri-
butions of doping impuritie$:’

FWHM:E0+ CY\/NSirS, (1)

whereE, is the FWHM atNg;=0, « a constant depending on
materials, andg the Debye or Thomas—Fermi screening ra-
dius for nondegenerate and degenerate doping concentra-
tions, respectively. The solid line is the least-squares fit of
data with Eq.(1). The fitted value oE, is 15.1 meV, which
is in excellent agreement with the FWH\5.5 meV of the
I, transition in undoped AIN.

Si doping also induces band-gap renormalization. Figure
2(c) shows that the spectral energy peak positigp) (of the
I, emission line decreasdse., is redshiftedd with an in-
crease ofNg; in Si-doped AIN epilayers. Band-gap renormal-
ization is usually due to free carrier screening and is written
as AE,=—Kn'3, whereAE, is the reduction of the band
gap, n is the electron concentration, akdis a proportion-
ality constant depending on materidl! However, no free
electrons were found in these samples since all of our AIN
epilayers studied here exhibit a high resistivity. The band-
gap reduction in this case is presumably due to the screening
of ionized impurities, implying that Si doped AIN epilayers
grown here are highly compensated. In such a contekt,
is assumed to be proportional ity; for compensated mate-
rials:

AE,=—KNg>. 2)

The dotted line in Fig. @) is the least-squares fit of data
with Eq. (2) and clearly shows the effect of doping-induced
band-gap renormalization in Si-doped AIN epilayers.

The temperature evolution of the PL spectra has been
studied. Figure 3 shows that the dominant emission line in
Si-doped AIN evolves from thé, to the free exciton EX)
transition with increasing temperature. This is expected since
the donor bound excitons dissociate into free excitdnX)(
and neutral donors, which is consistent with the results seen
in Si-doped GaN and also in undoped AIN in whighis the
dominant transition at low temperatures. The absolute
emission intensity of thé=X transition line also decreases
with increasingNg;. The spectral peak positions of both the
I, andF X transitions are redshifted with increasing tempera-
ture and can be written aB (FX)=E4—E,+akgT and
Ep(l2) =Eg— Ex—Epy, respectively, wher&, and E, are
the binding energies of the free exciton and donor-bound
exciton, respectively, and is a constant. Therefore, the en-
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FIG. 3. PL spectra measured at different temperatures for Si-doped AIN NS.(x1018cm-3)
1

epilayer withNg;=4x 101" cm™3. The arrows indicate the PL spectral peak
positions of thel, andFX transitions. The dissociation of the bound exci-

tons with increasing temperature is clearly resolved. FIG. 4. (a) Temporal responses of therecombination line in Si-doped AIN

epilayers with differenfNg; measured at their respective spectral peak posi-
tions; (b) PL decay lifetime as a function &;. The solid line is a linear fit

ergy separation between tifeX and thel, transitions is °f ihe experimental data.

expected to increase with increasing temperature and can

! %N to n type. The results thus point to the fact that Si doped
written as

AIN epilayers grown here are highly compensated. Time-
AEp=Ep(FX)—Ey(l2) = Epx+ akgT. €©)] resolved PL measurements revealed that the recombination
The fitted value ofx was obtained to be 0.56. lifetime of thel, transition decreases linearly witlig;, in-

The PL temporal responses of AIN-epilayers with differ- dicating an increased nonradiative recombination rate at

ent Si doping levels have been measured at their respecti\pe'gher doping levels, which is consistent with PL intensity

spectral peak positions and the results are shown in Fag. 4 résults.
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linearly with increasingNg;. In Fig. 4(b), the solid line is a 0203373, ARO, DOE (DE-FG03-96ER 45604 DARPA,
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