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ABSTRACT 
 

Nonpolar nitride semiconductor materials containing 
a wide range of structural defects are studied. High 
quality InGaN quantum wells grown on bulk stacking 
fault (SF) -free GaN substrates show larger PL intensity 
and shorter PL lifetime with decreasing well width, 
indicating that the radiative lifetime is becoming smaller 
as the well narrows, consistent with the theoretically 
predicted increase in oscillator strength and associated 
exciton binding energy. Moreover, the fact that these 
phenomena are observable at room temperature is 
indicative of the suppression of defect-related 
nonradiative recombination for growth on bulk substrates, 
showing great promise for visible light emitters. We have 
also demonstrated enhanced THz emission from nonpolar 
GaN due to carrier transport in internal in-plane electric 
fields created by the termination of the in-plane 
polarization in wurtzite domains at zincblende stacking 
faults. The estimated, maximum average in-plane electric 
field of ~ 290 kV/cm in the wurtzite regions for an I1 type 
SF density of 1 X 106 cm-1 is comparable to the bias 
fields applied to PC switches using low-temperature 
grown GaAs, one of the best PC materials, but does not 
require electrode processing or an external bias. 
Comparison with THz emission from SF-free m-GaN 
indicates that the THz signal from SF-related in-plane 
carrier transport dominates that usually observed from 
carrier diffusion or surface surge-currents normal to the 
sample surface, even for high excess electron energies 
and short absorption lengths favorable to diffusive 
transport. These results suggest that nonpolar nitride 
semiconductor devices are a potentially disruptive 
technology that may lead to leap-ahead advances in 
devices operating across the electromagnetic spectrum 
from UV to THz for future Army applications. 

Fig. 1. Comparison of band structure, electron and 
hole wave functions, and optical transitions in 
GaN/AlGaN single quantum wells grown along polar 
(left) and nonpolar directions. 

 
 

1. INTRODUCTION 
 
Group III-V nitride semiconductors, which can be 

used to fabricate optoelectronic devices spanning the 
electromagnetic (EM) spectrum from the deep ultraviolet 
(UV) to terahertz (THz), are important materials for many 

Army applications, including UV sources and detectors 
for biodetection, non-line-of-sight covert 
communications, and water purification, high efficiency 
visible sources and detectors for energy efficient solid 
state lighting and full spectrum solar cells, green and 
frequency doubled  green (i.e., deep UV) lasers for water 
monitoring and bio-identification, and high efficiency 
THz sources pumped by femtosecond fiber lasers. These 
compact semiconductor devices can address logistical 
difficulties associated with the size, weight, cost, 
ruggedness, and reliability of components that have 
hindered system deployment. These devices will therefore 
contribute to the sustainability of the objective force by 
helping in the reduction of the logistics footprint, while 
providing new solutions for protection, information, and 
potable water at the individual soldier level, aiding the 
survivability, lethality, and deployability of the current 
and future force. 

 
The growth of nitride semiconductor structures for 

optoelectronic devices has focused mainly on c-axis 
oriented wurtzite material where the polar orientation is 
perpendicular to the growth plane. For light emitting 
devices such as LEDs and lasers containing multi-
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quantum well (MQW) active regions, electric fields 
resulting from the termination of the spontaneous and 
piezoelectric polarizations at the heterointerfaces lead to 
red-shifts in the emission wavelength due to the quantum 
confined stark effect (QCSE), and to reduced emission 
efficiency from the separation of the electron and hole 
wave functions in the quantum well (Fig. 1). With the 
advent of bulk nonpolar and semipolar stacking fault 
(SF)-free GaN substrates, the deleterious effects of these 
polarization fields can be mitigated in conjunction with 
defect reduction associated with homoepitaxial growth on 
a native substrate, potentially enabling the development of 
UV and visible lasers and LEDs that may achieve optimal 
performance for the first time (Iso et al., 2007). 
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Fig. 2. Schematic showing conceptual drawing of 
stacking fault terminated polarization and the 
envisioned effective “lateral bandstructure”. 

 
 Nevertheless, the spontaneous polarization along the 

c-axis in nonpolar nitride semiconductors still exists, and 
a substantial polarization charge can exist at the interfaces 
of wurtzite domains terminated by zincblende stacking 
faults in imperfect crystals, leading to large in-plane 
electric fields (Fig. 2). Since the bandgap of zincblende 
nitride semiconductors is less than that of comparable 
wurtzite materials, a lateral “bandstructure” can be 
envisioned that can be employed in the creation of 
enhanced THz emission associated with photoexcited in-
plane carrier transport on a sub-picosecond time scale. 

 

 In this paper, we present fundamental studies of 
these novel materials and investigate their performance in 
sources across the EM spectrum. Optical properties of 
high quality materials for visible laser and LED 
applications, without appreciable stacking faults or other 
structural defects, are presented first to illustrate the 
tremendous promise of these nitride semiconductor 
materials. These results are followed by studies of 
nonpolar nitride semiconductors with large stacking fault 
densities, which we show can be beneficial as high 
performance sources of THz radiation.  

 
 

2. OPTICAL PROPERTIES OF HIGH 
QUALITY NONPOLAR  INGAN QUANTUM 

WELLS    
 

The large oscillator strength and exciton binding 
energy in GaN quantum wells affords the possibility of 
high efficiency light emitting devices with shorter 
radiative lifetimes than those in other III–V 
semiconductors. This potential is never fully realized in 
conventional c-plane heterostructures because of the large 
polarization fields in nitride QWs (Bernardini et al., 1997, 
Im et al., 1998), which increase the radiative lifetime by 
inhibiting electron–hole wavefunction overlap in the wells 
(Grandjean et al., 1999, Jho et al., 2002), and because of 
the high defect density, which leads to short nonradiative 
lifetimes (Wraback et al., 2007). While growth in 
nonpolar directions eliminates these polarization fields, 
providing a means for improved device performance 
(Waltereit et al., 2000), epilayers on heteroepitaxial 
structures still have a large density of basal plane stacking 
faults and threading dislocations. These defects can be 
significantly reduced in GaN/AlGaN structures using 
lateral epitaxial overgrowth (LEO) (Haskell et al., 2003), 
and can be virtually eliminated in InGaN/GaN structures 
and devices using stacking fault-free bulk GaN substrates 
(Iso et al., 2007, and references therein). In this study, we 
use time-resolved photoluminescence (TRPL) to probe 
the relation between radiative lifetime and well width in 
high quality m-plane InGaN/GaN single quantum wells 
on bulk stacking fault-free GaN substrates.  
 

Figure 3 shows time-resolved photoluminescence 
(TRPL) and PL spectra from single InGaN/GaN QWs 
with well widths varying from 2 nm to 16 nm. The 
samples were excited using ~ 100-fs pulses at 378 nm 
from a frequency doubled optical parametric amplifier 
pumped by an amplified Ti:Sapphire pulsed laser, 
enabling direct excitation of the InGaN QWs below the 
GaN barriers. As a function of increasing well width, the 
measured PL lifetime is found to increase from 1.25 ns 
for a 2 nm well to 5.9 ns for a 16 nm well. While 
variations in In content for the various well widths cause 
some scatter in the data, concurrent measurements of the 
time-integrated PL spectra show an increase in the PL 



intensity (scaled to emitting volume) for thinner wells, 
along with a blue shift in energy from quantum 
confinement. The observation of larger PL intensity and 
shorter PL lifetime with decreasing well width suggests 
that the radiative lifetime is becoming smaller as the well 
narrows, consistent with the theoretically predicted 
increase in oscillator strength and associated exciton 
binding energy, as well as previous measurements of 
GaN/AlGaN MQWs on LEO GaN templates (Garrett et 
al., 2005).  
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Fig. 3. Time-integrated PL spectra (top) and TRPL 
(bottom) for a series of InGaN/GaN SQWs on m-plane 
bulk SF-free GaN substrates. 

Fig. 4. Temperature dependence of PL and radiative 
lifetimes as a function of quantum well width. 

Temperature dependent measurements of this 
phenomenon provide further verification of our 
hypothesis. Figure 4 shows the temperature dependence 
of the PL lifetime and the radiative lifetime calculated 
from this quantity and temperature dependent time-
integrated PL for the 2 nm, 6 nm, and 16 nm QWs. For all 
three samples the PL lifetime decreases monotonically 
with decreasing temperature, becoming nearly 

temperature independent below 77K. This behavior 
indicates that the PL lifetime is dominated by the 
radiative lifetime up to room temperature, as poorer 
quality samples dominated by nonradiative effects exhibit 
an initial increase in PL lifetime with decreasing 
temperature due to the increase in nonradiative lifetime 
associated with the freezing out of nonradiative centers. 
Since the nonradiative lifetime is nearly infinite at our 
lowest measurement temperature of 13K, the PL lifetime 
at this temperature is approximately the radiative lifetime, 
with values of 400 ps, 540 ps, and 700 ps for the 2 nm, 6 
nm, and 16 nm QWs, respectively, in agreement with 
theory. Moreover, the trend of smaller PL lifetime for 
narrower well width remains the same from low 
temperature to room temperature, resulting in room 
temperature radiative and nonradiative lifetimes of rad = 
3.75 ns and nr = 2.9 ns for the 2 nm QW, rad = 6.7 ns and 
nr = 8.7 ns for the 6 nm QW, and rad = 7.95 ns and nr = 
12.8 ns for the 16 nm QW. While both the low 
temperature and room temperature results confirm that the 
radiative lifetime is shorter for narrower well width, the 
extremely long nonradiative lifetimes indicate that defect-
related nonradiative recombination is strongly suppressed 
for growth on bulk substrates, allowing the PL decay to 



be dominated by the shorter radiative lifetime. These 
results lie in stark contrast to those on conventional 
nitride QWs on sapphire substrates, for which shorter 
nonradiative lifetimes associated with the high defect 
density and longer radiative lifetimes due to the field-
induced decrease in wave function overlap lead to shorter 
PL lifetimes and weaker emission (Garrett et al., 2005). 
Thus, development of high quality nitride semiconductor 
heterostructures on bulk nonpolar substrates could be a 
potential breakthrough disruptive technology for 
development of visible and ultraviolet optoelectronic 
devices for Army applications.  
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Fig. 5. (a) Dependence of s-polarized THz emission 
on sample angle for high SF m-GaN (top). Inset shows 
sample angle dependence of peak THz  signals for 
both s- and p-polarization. (b) Sample angle 
independent p-polarized THz emission from SF-free 
m-GaN. 

 
 

3. THZ EMISSION FROM NONPOLAR  
NITRIDE SEMICONDUCTORS 

 
Terahertz (THz) radiation from semiconductors 

illuminated by ultrafast optical pulses is commonly 
generated through in-plane carrier acceleration in electric 
fields created by externally biased photoconductive (PC) 
switches (Auston, 1975) or from a surge-current normal 
to the surface due to a built-in surface field or the photo-
Dember field (Liu et al., 2006). Although the geometry of 
the biased PC antennas is more favorable for coupling out 
the THz radiation than that for other semiconductor-based 
THz sources employing transport normal to the surface 
(Shan et al., 2001), these PC switches require electrode 
processing and an external bias voltage, which is limited 
by the dielectric strength of air, to establish an in-plane 
electric field. Evidence of internal electric fields induced 
by stacking fault (SF)-terminated internal polarization in 
polar crystals such as ZnS, ZnTe, SiC and GaN has been 
observed (Neumark, 1962, Pal et al., 1991, Majewski and 
Vogl, 1998, Majewski et al., 2000, Juillaguet et al., 2007). 
In semipolar or nonpolar wurtzite crystals, for which there 
is a projection of the polar axis in the growth plane, the 
SF-induced electric fields associated with the termination 
of the internal polarization (Bernardini et al., 1997) along 
the polar <0001> direction at wurtzite domain boundaries 
also lie in-plane. The high fields within the wurtzite 
domains terminated by the SFs should point in the same 
direction, effectively creating an array of contactless PC 
switches that could significantly enhance THz emission 
from semiconductor surfaces under ultrashort pulse 
excitation. 

 
The samples employed in this study were a ~1 m-

thick high SF-density (~ 1 X 106/cm) GaN epilayer grown 
by metalorganic chemical vapor deposition (MOCVD) on 
an m-plane 6H-SiC substrate with an AlN nucleation 
layer, and a ~330 m-thick SF-free m-GaN substrate from 
Mitsubishi Chemical Co., Ltd. The samples are optically 
excited using ~150 fs pulses obtained from the third 
harmonic (266 nm) and second harmonic (400 nm) of a 
250 kHz regenerative amplifier at 800 nm, as well as from 
the frequency doubled signal beam (350 nm) of an optical 

parametric amplifier pumped by the regenerative 
amplifier. The pump beam is incident on the GaN sample 
at 45° to the surface normal, and the subsequent THz 
emission is collected with a pair of parabolic mirrors for 
polarization sensitive ZnTe-based electro-optic sampling. 

 
Figure 5 shows a comparison of the time domain THz 

emission for 266 nm fs pulse excitation of the high SF 
density m-GaN and the SF free m-GaN. The terms p- and 
s-polarization refer to the polarization parallel and 
perpendicular to the plane of incidence, respectively. At 
= 0°, the c-axis of the nonpolar sample is in the plane of 
incidence. For the high SF density sample, the measured 
s-polarized (p-polarized) THz waveform polarity flips as 
the sample rotates, reaching a peak positive signal at = 
270° (180°) and a peak negative signal at = 90° (0°) 
when the c-axis is parallel or antiparallel to the s-
polarization (p-polarization) detection direction, 
respectively (see inset). In contrast, the p-polarized THz 
waveform from the SF-free m-GaN has no dependence on 
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sample rotation angle, and no s-wave component is 
observed from this sample. 

 
The strong THz emission from the high SF density 

sample that exhibits a 360° periodicity with sample 
rotation and a polarity flip at 180° for polarization-
sensitive detection is characteristic of real carrier 
transport in an in-plane electric field parallel to the c-axis. 
The observation that a similar phenomenon is not 
observed in the SF-free sample implies that this in-plane 
field is induced by zincblende stacking fault termination 
of the internal polarization at wurtzite domain boundaries 
(Fig. 2). At the wurtzite/zincblende interface, charge 
accumulation leading to strong electric fields parallel to 
the c-axis of the crystal occurs. In-plane transport of 
photoexcited carriers proceeds parallel to the electric 
field, leading to a THz radiation component polarized 
preferentially along this axis of the sample (Metcalfe et 
al., 2008). Rotating the c-axis by 180° also rotates the 
direction of the built-in field by 180°, causing the 
photoexcited carriers to accelerate in the opposite 
direction, with a reversal of the photoexcited carrier 
acceleration direction observed as a flip in the THz 
waveform polarity. The sin dependence of and 90° shift 
between the p- and s-polarization curves (inset) indicates 
that the linearly polarized THz emission associated with 
in-plane carrier transport rotates with sample rotation. No 
optical rectification is observed; evidence of nonlinear 
polarization would appear as a sin(n) (where n>1) 
dependence of the THz signal. Moreover, no dependence 
on pump polarization is found after accounting for 
absorption, and the THz signal vanishes for 400 nm 
excitation, indicating that the signal is associated with the 
generation and transport of real carriers. 

 
The inset of Fig. 5 shows that the peak positive signal 

of the p-polarized THz signal is larger than the peak 
negative signal. This offset is due to the angle 

independent p-polarization signal, as observed in the SF-
free sample and other semiconductors such as InN and 
InAs, which emanates from surface surge-currents and 
diffusion-driven carrier transport normal to the surface 
and is independent of the c-axis orientation (Chern et al., 
2006). Although this signal is expected to be large due to 
the high excess electron energy (~1 eV) and small 
absorption depth (<50 nm) for 266 nm excitation, 
subtraction of the offset on the angular dependence of the 
peak p-polarized signal in the inset of Fig. 5 indicates that 
the component of the THz emission associated with the 
in-plane transport in the high SF-density sample is nearly 
3 times greater. In a direct comparison between the SF-
free sample and high SF sample, Fig. 6 shows that the 
THz signal from the high SF sample becomes ~7 larger 
than that from the SF-free sample for 350 nm excitation 
,as the component of THz emission emanating from the 
in-plane transport remains robust, while the signal 
associated with the diffusion component of surface 
normal photocurrents becomes smaller, as expected for 
the lower excess electron energy (<100 meV) and 
increased absorption depth (~100 nm).  

 
Majewski et al. (1998, 2000) have performed ab-

initio calculations of zincblende inclusions embedded in 
bulk wurtzite GaN and concluded that charge buildup at 
the wurtzite/zincblende interfaces in GaN results 
primarily from the spontaneous polarization Psp in 
wurtzite material, with a negligible contribution from the 
piezoelectric polarization. They also concluded that the 
interface charge can be calculated from the bulk 
spontaneous polarization. Using a thickness of the 
zincblende region (in this case, the I1 type SF) of dzb  
3cwz/2 = 8 Å, where cwz is the lattice constant of wurtzite 
GaN, a thickness of the wurtzite region of dwz  1/nsf  = 
100 Å, where nsf is the SF density, and Psp = -0.034 C/m2 
(Ambacher et al., 2002), the maximum average in-plane 
electric field in the wurtzite region of an m-GaN sample 
with an I1 type SF density of 1 X 106 cm-1 is estimated 
from Maxwell’s equations with appropriate boundary 
conditions at the SF interface as ~290 kV/cm. This field is 
comparable to the bias fields applied to photoconductive 
(PC) switches using low-temperature grown GaAs (Tani 
et al., 1997), one of the best THz sources, but does not 
require electrode processing or an external bias, as the 
high SF density effectively creates an array of nanoscale 
contactless PC switches. This novel result may be 
exploited in InN and InGaN alloys with bandgaps more 
suitable for fs fiber laser excitation, potentially enabling 
improved efficiency of THz sources in compact, field-
deployable THz spectroscopy systems.  

 
 

4. CONCLUSION 
 
Nonpolar nitride semiconductors are promising 

materials for next generation Army applications across 



the electromagnetic spectrum. InGaN quantum wells on 
bulk stacking fault–free GaN substrates for visible 
emitters show enhanced radiative efficiency associated 
with reduced radiative lifetime and longer nonradiative 
lifetime, relative to conventional polar devices on 
sapphire substrates. In addition, even highly defective 
nonpolar nitride semiconductors with large stacking fault 
densities can be used as high efficiency THz sources, due 
to carrier transport in internal in-plane electric fields 
created by the termination of the in-plane polarization in 
wurtzite domains at zincblende SFs,. The estimated, 
maximum average in-plane electric field of ~ 290 kV/cm 
in the wurtzite regions for an I1 type SF density of 1 X 106 
cm-1 is comparable to the bias fields applied to PC 
switches using low-temperature grown GaAs, one of the 
best PC materials, but does not require electrode 
processing or an external bias. Comparison with THz 
emission from SF-free m-GaN indicates that the THz 
signal from SF-related in-plane carrier transport 
dominates that usually observed from carrier diffusion or 
surface surge-currents normal to the sample surface, even 
for high excess electron energies and short absorption 
lengths favorable to diffusive transport.  
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