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ABSTRACT 
 

The need for efficient UV emitting semiconductor sources has prompted the study of a 
number of heterostructures of III-N materials. In this work, the temperature dependence of the 
photoluminescence (PL) properties of UV-emitting GaN/AlN multiple quantum well (MQW) 
heterostructures were investigated in detail. In all samples studied, the structure consisted of 20 
GaN quantum wells, with well widths varying between 7 and 15 Å, clad by 6nm AlN barriers, 
grown on top of a thick AlN buffer that was deposited on sapphire by molecular beam epitaxy. 
The observed energy corresponding to the peak of the emission spectrum is in agreement with a 
model that includes the strong confinement present in these structures and the existence of the 
large built-in piezoelectric field and spontaneous polarization present inside the wells. The 
observed emission varies from 3.5 eV (15 Å well) to 4.4 eV (7 Å well). Two activation energies 
associated with the photoluminescence quenching are extracted from the temperature 
dependence of the time-integrated PL intensity. These activation energies are consistent with 
donor and acceptor binding energies and the PL is dominated by recombination involving 
carriers localized on donor and/or acceptor states.  

Moreover, the temperature dependence of the full width at half-maximum (FWHM) of 
the PL feature indicates that inhomogeneous broadening dominates the spectrum at all 
temperatures. For the 15 and 13 Å wells, we estimate that the electron-phonon interaction is 
responsible for less than 30% of the broadening at room temperature. This broadening is 
negligible in the 9 Å wells over the entire temperature range studied. Well width fluctuations are 
primarily responsible for the inhomogeneous broadening, estimated to be of the order of 250meV 
for one monolayer fluctuation in well width. 
 
INTRODUCTION 
 

Achieving emission wavelengths shorter than 350nm in nitride semiconductors and 
heterostructures is essential for applications such as detection of chemical and biological agents. 
Recently, we proposed another solution for a UV emitter: GaN/AlN multiple quantum wells 
(MQWs) heterostructures [1] grown by molecular beam epitaxy (MBE). Despite the large lattice 
mismatch between wells and barriers (approx. 2.6%), such structures exhibit monolayer-abrupt 
interfaces and the 2D-3D growth mode transition can be avoided if the growth parameters are 
finely tuned [1]. Temperature-dependent time-resolved photoluminescence (TRPL) studies 
performed on such quantum wells have revealed that the structures exhibit strong 
photoluminescence even at room temperature [2,3]. 
 In the present work, we report on a detailed study of the inhomogeneous broadening of 
the PL spectra as a function of temperature. The temperature dependence of the full width at half 
maximum (FWHM) of the PL feature varies significantly form sample to sample as a function of 
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well width. The inhomogeneous broadening counts for as much as 70% of the FWHM in 
samples characterized by a well width larger than the critical thickness for pseudomorphic 
growth (3 monolayers). Well width fluctuations, significant variations in the donor and acceptor 
binding energies inside the wells, and fluctuations in the value of the built-in electric field due to 
partial strain relaxation are contributing to the large inhomogeneous broadening observed in the 
PL spectra of GaN/AlN quantum wells. 
 
EXPERIMENTAL DETAILS 
 
The structures used in this study were grown in a Varian Gen II molecular beam epitaxy 
(MBE) system which used standard effusion cells for the group III elements and an EPI Unibulb 
RF plasma source to supply nitrogen radicals. The MQWs were grown typically with the RF 
power and growth chamber pressure at approximately 250 W and 1.5*10-5 torr, respectively. All 
the growths took place on 2 inch c-plane sapphire substrates which were backside coated with 
TiW for more efficient heating. The wafer pretreatment process included an one-hour outgassing 
step at 450 °C and a following 30-minute low temperature nitridation step at 160 °C with the rf 
power set at 500 W.  

The epitaxial structures consisted of an AlN buffer layer of 0.36 µm, and 20 AlN/GaN 
quantum wells. The growth conditions were varied in an attempt to achieve the best quality of 
the MQWs. For all the samples studied, the AlN barrier thickness was kept at 60 Å, while the 
thickness of GaN wells varied from 7 to 15 Å (The sample name reflects the well width). All 
samples are nominally undoped with the exception of sample M9c which is Si-doped in the 
wells. Samples M9b and M9a are nominally identical. The nominal thickness of each layer was 
calculated by the growth rates of equivalent bulk samples.  

 TRPL measurements were carried out in the backscattering geometry using the 
frequency tripled 800nm output of the Coherent REGA9000 regenerative amplifier as an 
excitation source. The pump beam was characterized by a 200 fs pulse width, a 250 kHz 
repetition rate and a maximum average power of 10 mW at 266 nm. The photoluminescence was 
spectrally resolved by the Chromex 250IS monochromator and detected by the Hamamatsu 
C4334 streak camera with a typical jitter of 50 ps.  
 
RESULTS AND DISCUSSION 

 
The normalized time-integrated photoluminescence spectra taken at room temperature from all 
the samples under study are shown in Figure 1(a). We have already shown [3] that the peak 
energy dependence on well width matches the theoretical estimation for the well width 
dependence of the e1h1 transition energy in GaN/AlN quantum wells. A detailed analysis of the 
activation energies associated with the photoluminescence quenching in the same samples 
indicated that the emission is associated with recombination of carriers trapped on donor and/or 
acceptor states, without excluding the possibility that some part of the photoluminescence is 
associated with excitonic recombination.[3] The summary plot in Figure 1(a) shows that the 
FWHM of the PL spectrum of the 9Å wells equals only half of the FWHM measured at room 
temperature for larger wells (13Å and 15Å). This discrepancy requires further investigations into 
the temperature dependence of the FWHM of the PL spectrum. 

The second reason behind investigating the spectral broadening in the GaN/AlN quantum 
well samples is illustrated in Figure 1(b) and (c) where photoluminescence spectra for samples 
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M9b and M13 are plotted at different delay times. In both samples, at short delay times, the 
energy corresponding to the peak of the PL spectrum is blue-shifted. The total blue shift between 
the spectrum taken immediately after the excitation pulse was incident on the samples, and the 
spectrum taken at long delay times, when most carriers have already recombined varies from one 
sample to another. 

 Figure 1 indicates that this shift is of the order of 50meV in sample M9b and 
150meV in sample M13. The shift is commonly observed in nitride heterostructures [4,5], its 
origins being attributed to the screening effect.  At short delay times, the space charge field 
induced by the presence of spatially separated injected carriers in the quantum wells is partially 
screening the build-in electric field and the PL energy approaches the zero-field value.                                   

 In our experiments the maximum injected carrier density and the screening field 
corresponding to it are of the order of 6*1012 cm-2 and 5*105 V/cm respectively. The latter 
number represents less than 10% of the built-in electric field and for the samples in Figure 1 the 
estimated blue shift due to screening effects is of the order of 44 meV (considering that we inject 
approximately 6*1012 cm-2 carriers in each well). This number is in agreement with the blue shift 
measured in the narrower (9 Å) wells but represents only a third of the blue shift measured for 
the larger (13 Å and 15 Å) wells.  

A possible explanation for this contradiction is based on the temperature dependence of 
the full width of half maximum (FWHM) of the PL spectra. This dependence is presented in 
Figure 2 (a) for samples M9b, M13 and M15. At 10 K the FWHM measured for samples M15 
and M13 is approximately two times larger than the one measured for samples M9a, M9b and 
M9c. Moreover, the larger well exhibit an increasing FWHM with increasing temperature 
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Figure 1 (a) Time-integrated photoluminescence spectra form a series of GaN/AlN MQW 
structures measured at room temperature. (b) Photoluminescence spectra from a 9Å GaN/AlN 
quantum well measured at different delay times after the pulsed excitation was incident onto the 
sample and (c) same spectra as (b) measured for a 13Å GaN/AlN quantum well.  
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whereas the FWHM measured for the 9 Å wells is independent of temperature from 10 K to 375 
K. In general, the broadening of the photoluminescence spectra in bulk semiconductor or 
quantum well heterostructures can be written as the sum of two components: a temperature-
independent inhomogeneous broadening due to interface roughness, alloy fluctuations, 
fluctuations in the binding energies of growth defects etc., Γinhom, and a temperature dependent 
homogeneous broadening typically due to electron-optical phonon or exciton-phonon 
interactions, Γhom, given by: 
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where ΓLO is the electron-phonon or exciton-phonon coupling constant and hυLO is the optical 
phonon energy. For quantum well structures characterized by abrupt interfaces and small number 
of defects the inhomogeneous broadening is considerably smaller than the total broadening at 
room temperature and the contribution of the electron –phonon interaction can be estimated by 
simple substracting the inhomogeneous contribution from the total FWHM . This is not, however 
the case of the samples under study. Figure 2(a) indicates the inhomogeneous broadening 
accounts for almost 70% of the total FWHM at 300K in samples M13 and M15 and 100% of the 
FWHM of sample M9b. Gammon et al. [6] showed a different analysis of the FWHM versus 
temperature data is more appropriate for the cases where the inhomogeneous broadening is 
dominant even at room temperature, namely extracting the temperature dependent part of the 
FWHM  from the total broadening using the equation proposed by Sugawara et al. [7]:   
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Figure 2 (a) Temperature dependence of the full width at half maximum (FWHM) of the time-
integrated PL spectra of samples M9b, (triangles), M13 (circles) and M15 (squares). (b) 
Temperature dependent component of the spectral broadening for samples M9b, M13 and M15 
extracted from the experimental data in panel (a), using equation (1).  
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where the Γi are the various contributions to the inhomogeneous broadening mentioned earlier.  
Equation (2) assumes that the total FWHM is monotonically increasing with temperature and the 
homogeneous term is given by equation (1). As the temperature is increased, the FWHM for 
samples M13 and M15 decreases and then seems to follow the dependence described by equation 
(1) when the temperature approaches 300 K and beyond. This anomaly has been encountered in 
other type of strained structures  and has been attributed to the presence of dislocations existing 
inside the sample as a result of strain relaxation [8]. At low temperatures the excitons and/or free 
carriers are trapped in potential fluctuations generated by the growth defects, and the broadening 
of the PL feature reflects the variations in the exciton or carrier binding energies. As the 
temperature increases the bound excitons are ionized into free excitons and the donors and or 
acceptor states are ionized as well. The FWHM decreases since the contribution to the 
broadening due to the variations of the binding energies is now zero. At elevated temperatures 
the electron-phonon interaction becomes the dominant broadening mechanism and the FWHM 
increases accordingly. The initial decrease in the FWHM is not included in equation (2) and 
complicates the data analysis. Nevertheless, the isolation of the temperature dependent part of 
the FWHM has been attempted, following this equation. The results are presented in Figure 2(b). 
For the thinnest well, the FWHM is temperature independent, indicating the electron-phonon 
interaction is suppressed in this sample. For samples M13 and M15 only the higher temperature 
range could be fitted due to the anomalies discussed earlier. The value obtained for the coupling 
constant ΓLO are approximately 10 times larger than the ones reported for electron-phonon [9,10] 
or exciton-phonon [11] coupling constants, indicating there are additional mechanisms contribute 
to the line broadening of the PL feature at high temperatures. The value of the inhomogeneous 
broadening was chosen to be the minimum value of the FWHM over the entire temperature 
range. 
 As previously mentioned, the inhomogeneous part of the broadening can have several 
components, depending on the origins of the photoluminescence and the sample quality. Among 
these components, the broadening associated with well width fluctuations are estimated to be of 
the order of 350 meV for the 9 Å wells and 200 meV for the 15 Å wells if we consider half a 
monolayer fluctuation in the well width.  

In addition to well width fluctuations, two other factors may contribute to the 
inhomogeneous broadening: variations in the donor and acceptor energies across the sample 
(assuming the PL is associated with donor to acceptor pair recombination as indicated by the 
temperature dependence of the PL intensity) and local fluctuations in the strain which result in 
fluctuations of the electric field inside the wells and therefore induce changes in the transition 
energy. 

  We expect the well width fluctuations and the localization energies to be considerably 
greater in samples M15 and M13 than in samples M9a, M9b, M9c since partial strain relaxation 
through dislocations occurs after only 3 monolayers [12,13]. As a result we expect the variations 
in carriers lifetimes to be greater in the larger wells. This explains the 150meV shift between the 
PL spectra sampled at short and long delay times and shows that the large variations observed in 
the PL decay times across the PL feature in the larger wells is associated with a multi-component 
character of the emission rather than field screening effects. 
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CONCLUSIONS 
 
The temperature dependence of the FWHM of the PL spectrum from GaN/AlN quantum wells 
indicates the inhomogeneous broadening is dominant even at room temperatures. An attempt to 
evaluate the electron-phonon interaction from this dependence rendered a value 10 times greater 
than expected for the coupling constant, indicating there are additional mechanisms contributing 
to the PL broadening. The blue shift observed in the PL spectra measured at early delay times, as 
well as the variation of the PL decay times across the PL feature are associated with the multi-
component character of the emission rather than field screening effects. 
 
ACKNOWLEDGEMENTS 
 
This work was supported in part by ANC’s NSF CAREER Grant #9733720, ONR YIP Grant 
#N00014-00-1-0508, a Defense University Research Initiative on Nanotechnology Grant 
#F496200110358 through the Air Force Office of Scientific Research, and WJS’s NSF  Grant 
#ECS-0123453 and DARPA through Army Research Office  Grant #DAAD19-02-0199. 
 
REFERENCES 
 
1.  H. Wu, W. J. Schaff, G. Koley, M. Furis, A. N. Cartwright, K. A. Mkhoyan, J. Silcox, W. 

Henderson, W. A. Doolittle, and A.V. Fall MRS 2002. Osinsky, Mat. Res. Soc. Symp. Proc. 
743, art. no. L.6.2.1 (2003). 

2.   M. Furis, F. Chen, A. N. Cartwright, H. Wu, and W. J. Schaff, Mat. Res. Soc. Symp. Proc. 
743, art. no. L11.14 (2002). 

3.   M. Furis, A. N. Cartwright, H. Wu, and W. J. Schaff, Appl. Phys. Lett. 83 (17), 3486 (2003). 
4.   N. Grandjean, J. Massies, and M. Leroux, Appl. Phys. Lett. 74 (16), 2361 (1999). 
5.   P. Lefebvre, J. Allegre, B. Gil, H. Mathieu, N. Grandjean, M. Leroux, J. Massies, and P. 

Bigenwald, Phys Rev B 59 (23), 15363 (1999). 
6.   D. Gammon, S. Rudin, T. L. Reinecke, D. S. Katzer, and C. S. Kyono, Phys Rev B 51 (23), 

16785 (1995). 
7.   M. Sugawara, T. Fujii, M. Kondo, K. Kato, K. Domen, S. Yamazaki, and K. Nakajima, Appl. 

Phys. Lett. 53 (23), 2290 (1988). 
8.   X. N. Zhang, Y. Shiraki, H. Yaguchi, K. Onabe, and R. Ito, J Vac Sci Technol B 12 (4), 2293 

(1994). 
9.   K. T. Tsen, D. K. Ferry, A. Botchkarev, B. Sverdlov, A. Salvador, and H. Morkoc, Appl. 

Phys. Lett. 71 (13), 1852 (1997). 
10.   B. C. Lee, K. W. Kim, M. Dutta, and M. A. Stroscio, Phys Rev B 56 (3), 997 (1997). 
11.   A. K. Viswanath, J. I. Lee, D. Kim, C. R. Lee, and J. Y. Leem, Phys Rev B 58 (24), 16333 

(1998). 
12.   N. Grandjean and J. Massies, Appl. Phys. Lett. 71 (13), 1816 (1997). 
13.   C. Kim, I. K. Robinson, J. Myoung, K. H. Shim, and K. Kim, J. Appl. Phys. 85 (8), 4040 

(1999). 
 

Y10.5.6


