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Optical properties of AIN and GaN in elevated temperatures
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Deep ultraviolet photoluminescence spectroscopy has been employed to study the optical transitions
in AIN and GaN epilayers at temperatures from 10 to 800 K, from which the parameters that
describe the temperature variation of the energy band(gasnd 8 or ag and #) and linewidth
broadening have been obtained. These parameters are compared with the previously reported values
in AIN and GaN obtained by different methods in narrower temperature ranges. Our experimental
results demonstrate that the broader temperature range of measurements is necessary to obtain
accurate values of these parameters, particularly for AIN. These results, together with other
well-known physical properties of AIN, may expand future prospects for the application of
IlI-nitride materials. ©2004 American Institute of PhysidDOl: 10.1063/1.1806545

Tremendous progress has been made for lll-nitrides reening have been obtained. The results are compared with the
search and development in terms of both fundamental undepreviously reported values in both AIN and GaN that were
standing as well as devices applications. AIN is a particularlydeduced from measurements in narrower temperature ranges.
unique and promising material due to the fact that no other The 1um thick AIN and GaN epilayers were grown by
semiconductors possess such a large direct band gap as WeOCVD on sapphire(0001) substrates. Atomic force mi-
as the ability of band-gap engineering through the use o€roscopy(AFM) studies upon the AIN epilayers revealed
heterostructures. Recently, our group has grown AIN epilaysmooth surfacegwith a typically 1 nm roughness across a
ers on sapphire substrates with high optical qualities by mef2 «mx2 um scanning areafree of cracks. The samples
alorganic chemical vapor depositigMOCVD).! Very effi- ~ were mounted on a high temperature stage with a cold finger
cient band-edge photoluminesceriBt) emission lines have in a closed-cycle helium refrigerator and temperature was
been observed at low temperature with above band-gap de&@ntrolled between 10 and 800 K. The deep UV laser spec-
ultraviolet (UV) laser excitation. We have shown that the {foscopy system used here consists of a frequency qua-
thermal quenching of the PL emission intensity is much(:.irupled 100 femtosecond Ti:Sapphire Iaser with an excita-
smaller in AIN than in GaN and the optical quality of AIN js tion photon energy at around 6.28 eith a 76 MHz
comparable with that of GaN. repetition rate and a 3 mW average poer monochro-

The temperature dependence of the band-gap energy aﬁaator(l..S m), and a streak camera with a detection c.apabll-
linewidth broadening of the interband transitions can providdy ranging from 185-800 nm and a time resolution of
important information about electron—phonon interactions? PS: _
excitonic effects, and etc. The Varshni coefficiefitsand 8) Figure Xa) shows the temperature evolution of the PL
of semiconductors have been extensively studied to explo ectra frqm 1010 800 K for the.AII\.l epllaygr. In general, PL
the temperature dependence of the band-gap energy in othgpission intensity decreases with Increasing temperature up
nitride semiconductors. However, it becomes problematic td° 8(.)0 K The ff?e excitontFX) transition at 6.027 eVis a
determinep accurately if 3 becomes large, such as in the dominant transition in AIN at 10 K an_d the neutral donor
case of AIN. The temperature dependence of the band-edgbé)und exciton transitiolor |, transitior) is observed at the
transition in GaN has been studied up to about 600 K by

using absorption, electroreflectance, and ellipsometry -

6 5.485eV i Jd3.184ev
measurements? but only to 300 K by PL measuremerit&. T aneptart AT G epmer
The measured parametersoofind g are scattered and some- ” ] e T LETO0K]
times controversial in GaN. Measurements in a broader tem - R T S Teeok
perature range are needed to obtain these parameters mo_ | . 1 T s
accurately. Guet al>'®reported the Varshni coefficients of 3 — — ,/A\““';—
the AIN energy band-gap parameters by absorption measure e e TB00K AT
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ments up to 300 K with large uncertainty. Since largeis ‘:—TT—‘;ZZ': 1 ~ \\: oo
- A

expected for AIN than GaN due to larger band gap, an ever "Jﬁ‘;zooK A\ 200
. . . e AT o~

higher temperature range than that of GaN is required to frerod /"

determine these parameters with a certain degree of accurac i _T=50K _AUT=50k

in AIN. 6027V i _T10K ATV T=10K

In this letter, we present the temperature dependence 0 51 54 57 60 63 31 32 33 34 35 236
fundamental optical transitions in AIN and GaN epilayers @) E V) ®) E V)

with h'gh optlcal qualltles covering a temperature range flﬁon'\:IG. 1. (a) PL spectra of the exciton transition in an AIN epilayer measured
10 to 800 K, from which the parameters that describe the different temperatures from 10 to 800 ) PL spectra of the exciton
temperature variation of the band gap and linewidth broadtransition in a GaN epilayer measured at different temperatures from 10 to
700 K. The dissociation of the bound excitons into the free excitons with
increasing temperature is clearly seen between 10 and 100 K. The spectra
¥E|ectronic mail: jlang@phys.ksu.edu are vertically shifted for a better illustration {@) and(b).
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TABLE |. The parameters of, B3, ag, 6 of AIN and GaN epilayers. The
6.0+ AIN epila3(/2)r ] shaded region indicates the reported values from high-temperature measure-
ments(T up to 600 K in GaN.
5.8+
a B ag Temperature
5.6 (meV/K) (K) (meV) 6 (K) range(K) Reference
™ B=6.066 eV
< 0=2.59 meV/K, p=2030 K AIN 1.80 1462 471 725 4-300 9,10
\9; 5.4 . . : 2.59 2030 670 1000
= g0 (b) | (£0.30  (+100) (£40) (+50) 10-800  This work
0.57 738 38 289 13-300 3
5.8 0.50 400 10-300 8
0.72 600 4-400 7
561 E6023ev 1.18 1414 10-475 4
0 GaN 1.28 1190 110 405 15-475 6
8,=670 meV, 6=1000 K 108 745 10-624 2
45 200 400 600 800 0.94 2 10-624 2
Temperature (K) 0.86 700 126 607 110-630 5
0.89 819 91 433 Average
FIG. 2. Temperature dependence of the exciton emission peak position in 0.84 789 158 564
the AIN epilayers. The solid lines are the least-squares fit of data (@jth (£0.04 (300 (x4 (220 10-700 This work

Eq. (1) and(b) Eq. (2). The error bars are indicated for two representative
measurement temperatures.

Eqg. (1) in a relatively low-temperature range between 10 and
lower-energy side around 6.011 eV. Energy peak position 0800 K. Apparently, we were unable to obtain any reasonable
the FX transition varies slightly for samples grown underfitting due to large mean deviations over 80%, which indi-
different conditions(from 6.027 to 6.060 e)/ This is most cates that a broader temperature range is needed to determine
likely due to different magnitudes of strain involved, similar these parameters accurately in AIN. The mean deviations of
to the case in GaN. For instance, our recently grown samplefitted values ofx and 8 using the data between 10 and 800 K
show peak positions at 6.060 eV for the FX transition. Theare less than 10%. The obtained value&(), «, andg are
spectral peak positions of the FX transition red-shift fromlisted in Table I.

6.027 eV at 10 K to 5.485 eV at 800 K, which is quite typi- As illustrated in Fig. 2), the temperature dependence
cal in semiconductors due to the band-gap variation withof the interband transition energies can also be described by
temperature. the Bose—Einstein expression
For comparison, the temperature evolution of the GaN _
PL spectra was also measured and plotted from 10 to 700 K E(T) = B(0) - 2ag/lexp(4/T) - 1], 2)
in Fig. 1(b). The temperature behavior of the GaN PL spectravhereag is the strength of the average exciton—phonon in-
is very similar to that of AIN. PL emission intensity de- teraction andd is the average phonon frequen@y the unit
creases with increasing temperature up to 700 K. The Plof temperaturg™* The fitted values for AIN areag
signal of the GaN epilayer above 700 K was too weak and=670 meV and6=1000 K, which are again about 40%
below the detection limit of our PL system. This comparisonlarger than the values aiz=471 meV and§=725 K ob-
clearly demonstrates the advantage of AIN over GaN fortained by Guoet al®*° This discrepancy is also due to a
many applications in elevated temperatures. temperature range about three times narrower in the previous
The PL spectral peak position of AIN as a function of measurements as compared to ours. The reported mean fre-
temperature is plotted in Fig. 2. In obtaining the resultsquency of phonon is 940 K in AIN® which agrees very well
shown in Fig. 2, we have fitted the PL spectra near the emiswith the value we obtained)=1000 K.
sion peaks by the Guassian functions to accurately determine The PL spectral peak position of GaN as a function of
the peak positions. As shown in Fig(a?, the temperature temperature is plotted in Fig. 3 and was also fitted with Egs.
dependence of the transition energies can be well describgd) and (2). The fitted values arex=0.84 meV/K andg
by the Varshni empirical equation =789 K, which are about three times smaller than those of
_ 2 AIN ( @=2.59 meV/K andB=2030 K). The fitted values of
E(T) =E0) —aTY(5+T), (1) ag=158 meV and¥=564 K are also obtained for GaN. Since
whereE(0) is the transition energy at 0 Ky and 8 are the  the strength of the average exciton—phonon interadtagh
Varshni coefficient$? The value ofa represents the slope of in AIN (670 meVj is four times stronger than that in GaN
E4 versus temperature at high temperatures, while the band 58 meVj, the longitudinal optica{LO) phonon replicas of
gap follows «T?/ 8 at low temperatures. The fitted values of the exciton transition are expected to be more enhanced in
a and B are 2.59 meV/K and 2030 K in AIN, respectively. AIN than in GaN, as demonstrated in the 10 K PL spectra of
The slope ofEy versus temperature at hlgh temperatures~igs. Xa) and Ib The reported mean frequency of phonon
measured dlrectly from the data between 500 and 800 K its 790 K in GaN}° which is a little larger than the value of
about 2.40 meV/K, which is close to the fitted value@f #=567 K obtained here.
=2.59 meV/K obtained from Eql1). Guoet al2t reported In Table I, we summarized the results @f 3, ag, and 0
the Varshni coefficients ok=1.80 meV/K andB=1462 K  of AIN and GaN obtained here together with previously re-
for AIN epilayer by absorption measurements up to 300 K ported values obtamed from different techniques and tem-
which are about 40% smaller than our values obtained hergerature rangezs By averaging previous reported values,

To identify the discrepancy, we have also fitted our data withthe averaged values dix)=0.89 meV/K and(B)=819 K,
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FIG. 3. Temperature dependence of the exciton emission peak position in L . . )
the GaN epilayer. The solid lines are the least-squares fit of datqayirg. /G- 4. PL emission linewidth as a function of temperature for AIN and
(1) and (b) Eq. (2). The error bars are indicated for two representative GaN epilayers. The solid lines are the Ieagt-s_quares fit of data W|tl(13Eq:

measurement temperatures. for (a) AIN and (b) GaN. The error bars are indicated for two representative

measurement temperatures.

(ag)=91 meV, and(#)=433 K are obtained for GaN. Our non interaction becomes important above 200 K and eventu-
results ofa=0.84 meV/K andB=789 K in GaN are very ally dominant at high temperatures for both AIN and GaN.
close to the averaged values @f)=0.89 meV/K and(8)  Besides the intrinsic linewidth at 0(K,), the obtained val-
=819 K. The shaded region indicates the previously reportedles of y,, andI' o in AIN are almost two times larger than
values obtained from high-temperature measurem@ntgp ~ those of GaN, implying stronger exciton—phonon interaction
to 600 K) in GaN. Our results ofy, 8, ag, and@ are closer to  in AIN than GaN.

the values obtained from a broader temperature range mea- In summary, we have investigated the temperature de-
surement$T > 600 K) than those from narrower temperature pendence of the bandgap and linewidth in AIN and GaN
ranges(T <475 K). It is obvious that a broader temperature epilayers by using deep UV PL measurements from 10 to
range of measurements provides more accurate values 8P0 K. Our obtained values af , ag, and ¢ in AIN are

these parameters, even for GaN. It was believed that theg®Pout 40% larger than the values reported previously. Our
parameters could depend on the measurement and gmv\mperlmental results demonstrate that a brogder temperature
techniques. Our results clearly point out that the temperatureange of measurements is necessary to obtain accurate values
range of measurements is the most critical factor in deterof these parameters, particularly for AIN. The obtained val-
mining these parameters accurately. The mean deviations §€S 0f%pn andI' o in AIN are found to be two times larger

our obtained parameters are about 3% for GaN and var{han those of GaN, implying stronger exciton—phonon inter-
from 5% to 10% for AIN, which provides a very narrow action in AIN than GaN.

range of these parameters. Overall, the Bose-Einstein expres-
sion of Eq.(2) fits better to the data for both AIN and GaN
epilayers than the Varshni expression of Ef). There is
little report on standard deviations of the previously reported
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