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The authors demonstrate a photodetection configuration where the responsivity in the ultraviolet
spectral region is limited to a few nanometers, representing high-quality-factor, narrow-band
detection together with polarization sensitivity. Both features are obtained by utilizing a
polarization-sensitive photodectector in combination with a polarization filter made from two
identical M-plane GaN films on ␥-LiAlO2 共100兲 substrate. The optical band gap of these films
depends on the direction of the in-plane polarization vector of the incident light beam with respect
to the c axis. Electronic-band-structure calculations show that the naturally present anisotropic
in-plane strain in these films is the crucial parameter to achieve both a high responsivity and a high
polarization contrast. © 2007 American Institute of Physics. 关DOI: 10.1063/1.2710769兴
Group-III nitride semiconductors of the wurtzite crystal
structure are increasingly used as ultraviolet 共UV兲 photodetectors for applications1–6 such as solar blind detection, UV
radiation dosimetry, combustion control, flame sensors, atmospheric ozone and pollution detection, data storage, and
very recently, polarization-sensitive detection.7,8 In the area
of biophotonics, the suitability of group-III nitride-based devices is being studied for real-time, laser-induced fluorescence detection of hazardous airborne biological and chemical agents.9 For a rapid identification of a range of such
chemical species, it is necessary to be able to simultaneously
detect radiation emitted at specific wavelengths. This requires a set of photodetectors with very narrow-band spectral
responsivity. The use of bandpass interference filters exhibiting a high quality factor in combination with a broadband
detector is not ideal because of the usually poor UV transmission of typical dielectric coatings. The most common
way to fabricate semiconductor UV photodetectors that operate only within a limited wavelength range is to integrate a
passive filter layer into the device structure during growth.
The filter layer has a larger band gap than the active region
and absorbs the short-wavelength radiation, thereby limiting
the short-wavelength responsivity, while the longwavelength limit is determined by the band gap of the active
region. For example, combinations consisting of Alx1Ga1−x1N
as the active region and Alx2Ga1−x2N as the filter 共x2 ⬎ x1兲
have been demonstrated with bandwidths ranging from
55 nm 共Ref. 10兲 to 30 nm.11 To achieve a bandwidth of 6 nm
in the vicinity of 360 nm, this procedure would require very
precisely controlled growth of layers with x1 = 0.00 and
x2 = 0.03.
Here, we propose and demonstrate a different approach
to achieve very narrow-band detection, which is based on
a兲
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GaN films of nonpolar orientation such as M-plane or
A-plane films 关see inset in Fig. 1共a兲兴. In such films, the effective optical band gap depends on the state of linear polarization of the incident light relative to the c axis, which lies
in the film plane. Unlike the bandwidth-limited photodetectors described above, which are fabricated using C-plane
films, our approach results in a detection system which is
also sensitive to the state of polarization of the incident light.
This added functionality may be helpful for a further reduction in spurious background signals and can yield more information in suitably designed applications.12 Finally, we
discuss how the in-plane strain in these films affects the performance of our narrow-band detection configuration
共NBDC兲.
The 0.4 m thick, 关11̄00兴 oriented M-plane GaN film
was grown on a ␥-LiAlO2 共100兲 substrate using rf plasmaassisted molecular-beam epitaxy.13 Its orientation and singlephase nature were verified using high-resolution x-ray diffraction 共HRXRD兲 measurements, which also demonstrated
that the film is under an overall compressive in-plane strain
with an out-of-plane dilation ⑀yy = 0.39%. The in-plane strain
is anisotropic, i.e., ⑀xx ⫽ ⑀zz. It is mainly determined by the
lattice mismatch between the film and substrate but also depends on the difference in their thermal expansion coefficients along directions parallel and perpendicular to the c
axis. By changing the film thickness, the in-plane strain can
be varied within a certain range. Planar Schottky barrier photodetectors of circular geometry were fabricated from one
piece of the wafer, while a polarization filter was taken from
another piece of the same wafer. The active region of the
photodetector with a radius of 200 m has a semitransparent, rectifying Au 共12 nm thick兲 contact with a surrounding
Ohmic contact of Ti 共50 nm兲 / Al 共200 nm兲.8 The optical
measurements were performed using a 75 W Xe lamp and a
reflection-grating-based monochromator. The light was po-
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FIG. 2. Spectral responsivity RNBDC of the NBDC for E 储 cdet and E ⬜ cdet at
297 K. The left inset displays the measurement configuration. The right
inset depicts a polar plot of the measured relative RNBDC at 360 nm 共circles兲
as a function of the in-plane polarization angle , the line represents a fit to
RNBDC = Rmax sin2共兲.
FIG. 1. 共a兲 Transmission spectrum of the M-plane GaN film for E 储 c and
E ⬜ c at 297 K. The inset shows the unit cell of wurtzite GaN and the choice
of coordinates. 共b兲 Spectral responsivity Rdet of a Schottky diode photodetector processed from the M-plane film for E 储 c and E ⬜ c. The inset depicts
a schematic of the device and the measurement geometry.

larized using Glan-Taylor polarizers. The responsivity was
calibrated by comparison with a standard UV-enhanced Si
photodiode.
Figure 1共a兲 shows the transmission spectrum of the
M-plane film for normally incident light with the electric
field vector E being polarized perpendicular 共E ⬜ c兲 and parallel 共E 储 c兲 to the c axis. The shift in the transmission edge is
due to the difference in the optical band gap for the two
polarizations. This in turn leads to a polarization-dependent
spectral shift in the responsivity 共Rdet兲 of the Schottky barrier
photodetector fabricated from this film as shown in Fig. 1共b兲.
The wavelength short 共long兲 corresponds to the effective excitonic band gap for E 储 c 共E ⬜ c兲. Note that the responsivity
remains high at shorter wavelengths. In order to achieve a
narrow-band spectral responsivity, we use another piece of
the as-grown M-plane film as a filter, placing it in front of
the photodetector such that cfilt is perpendicular to cdet 共see
left inset in Fig. 2兲. This combination of detector and filter
operates in the following way. For E 储 cdet, light with
 艋 short is absorbed by the filter and consequently prevented from reaching the photodetector, while light with
short 艋  艋 long is transmitted by the filter and can therefore
reach the detector. In contrast, all light with  艋 long will be
absorbed by the filter for E 储 cdet so that no light of this polarization will be detected. The presence of the small signal
for E 储 cdet is essentially due to absorption at energies below
the band gap,14 which reduces the anisotropy. Thus, the
NBDC detects light of polarization E ⬜ cdet in the wavelength band ⌬ = long − short as shown in Fig. 2. In the
present case, the responsivity peaks at 360 nm with a bandwidth of ⌬ = 6 nm. The measured dependence of the NBDC
responsivity 共RNBDC兲 at 360 nm on the in-plane polarization
angle , which is defined relative to cdet, is well described by
RNBDC = Rmax sin2共兲 共see right inset in Fig. 2兲. For this type
of NBDC, one could also use A-plane GaN films grown on
R-plane sapphire or A-plane SiC.15,16 However, only the substrates LiAlO2 and sapphire are transparent down to 200 nm,
thus facilitating operation in the UV spectral range.
The performance of the NBDC will depend on the polarization properties and energies of the three optical transitions in the vicinity of the band gap of GaN. These transi-

tions occur from the three top valence bands 共VBs兲, whose
wave functions have a mixture of atomic px, py, and pz orbital character, to the conduction band, which has s character.
The transitions from px, py, and pz symmetry to s symmetry
require x, y, and z polarized light, respectively. Since these
transitions are highly sensitive to any strain in the film, we
have used the Bir-Pikus Hamiltonian17 to calculate its influence on the electronic band structure 共EBS兲. The energy
splitting and deformation potential parameters used are based
on recent results16,18 on unstrained C-plane and anisotropically strained M- and A-plane GaN films, respectively, while
the elastic constants are taken from Ref. 19. The values of all
these parameters are listed in Ref. 20. We use the nomenclature Ti 共i = 1 , 2 , 3兲 for the three transitions in order of decreasing transition edge wavelengths T1 ⬎ T2 ⬎ T3 for any
values of ⑀xx and ⑀zz. The relative oscillator strengths of Ti
are labeled f i␤, where ␤ = x , y , z represents the polarization
components. The strain mixes the VBs and can result in dramatic modifications of f i␤ so that the transitions can become
completely linearly polarized along x, y, and z.17
For efficient operation of the NBDC, high absorption is
necessary for one polarization direction 共e.g., E ⬜ c兲, while
no absorption should occur for the orthogonal polarization
共e.g., E 储 c兲 in the wavelength range long to short. Next, for
 ⬍ short, we need a high absorption for the orthogonal polarization 共E 储 c兲 so that the filter efficiently blocks such light
from reaching the detector. The above considerations imply
that, if long 共short兲 is associated with T1 共T2兲, the oscillator
strengths must be such that the quantity 关f 1x − f 1z兴f 2z or
关f 1z − f 1x兴f 2x is positive and maximal. In the former 共latter兲
case, the polarization E ⬜ cdet 共E 储 cdet兲 will be detected. Due
to absorption of light below the band gap,14 the central operating wavelength c of the NBDC is likely to be closer to
long. The graphs in Figs. 3共a兲 and 3共b兲 depict the dependence of the above quantities on ⑀xx and ⑀zz. The dark regions, which essentially occur for overall compressive inplane strain, identify the strain values which are best suited
for the operation of the NBDC. The corresponding ⌬ and
c = T1 are plotted in Figs. 3共c兲 and 3共d兲. If T1 is completely
y polarized, one can associate long 共short兲 with T2 共T3兲. In
this case, we need positive maximal values for f 1y关f 2x
− f 2z兴f 3z or f 1y关f 2z − f 2x兴f 3x, which occur for overall tensile
in-plane strain as shown in Figs. 3共e兲 and 3共f兲. The corresponding ⌬ and c = T2 are plotted in Figs. 3共g兲 and 3共h兲.
These results demonstrate that both an anisotropic compressive and an anisotropic tensile in-plane strain are desirable
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interchanged everywhere.15 For a shorter 共longer兲 c, one can
use suitable AlxGa1−xN 共InxGa1−xN兲 alloy compositions, for
which similar calculations are necessary to determine the
strain required for optimal performance.
In conclusion, we have proposed and demonstrated very
narrow-band photodetection in the UV spectral range using
wurtzite group-III nitride films of nonpolar orientation,
which in addition to its narrow-band spectral responsivity is
also polarization sensitive. The anisotropic in-plane strain,
which is naturally present in such films, is essential for the
efficient operation of such a detection system. This configuration, when used specifically for polarization sensing, may
perform better than the bare polarization-sensitive
photodetector8 because the limited spectral bandwidth ensures a lower spurious background signal.
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FIG. 3. 共a兲 Positive values of 关f 1x − f 1z兴f 2z and 共b兲 关f 1z − f 1x兴f 2x as a function
of in-plane strain in an M-plane GaN film. The dark regions indicate strain
values favorable for NBDC involving the transitions T1 and T2. The label x
共z兲 indicates that the polarization E ⬜ cdet 共E 储 cdet兲 will be detected. 共c兲 Detection bandwidth ⌬ and 共d兲 central operating wavelength c in nanometers
for detection involving T1 and T2 关共a兲 and 共b兲兴. Black squares mark the
in-plane strain determined for the investigated M-plane GaN film. 共e兲 Positive values of f 1y关f 2x − f 2z兴f 3z and 共f兲 f 1y关f 2z − f 2x兴f 3x for detection involving
T2 and T3. 共g兲 ⌬ and 共h兲 c in nanometers for detection involving T2 and T3
关共e兲 and 共f兲兴.

for the operation of the NBDC, and a minimum bandwidth of
⌬ = 3 nm with high responsivity and polarization contrast
can be achieved for compressive in-plane strain. We have
ignored the combination T1 and T3, when T2 is completely y
polarized, since it results in a larger ⌬.
Comparing the HRXRD and optical spectroscopy data
with the results of the EBS calculations, we can assign
the transition edge in our film for E ⬜ c 共E 储 c兲 to T1 共T2兲
and estimate the in-plane strain to be ⑀xx ⬇ −0.9% and
⑀zz ⬇ −0.22%. These values fall in the dark region of Fig.
3共a兲 共marked by a square兲. The corresponding calculated values of ⌬ = 6 nm and c = 361.5 nm agree fairly well with the
measured values for the NBDC. Note that a 1 m thick
M-plane film on ␥-LiAlO2 typically has in-plane strain17 corresponding to the dark region of Fig. 3共a兲. The utilization of
thicker films in the NBDC can further improve the rejection
at  ⬍ short by a factor larger than 250. Due to the symmetry
of the wurtzite crystal structure, these results are also valid
for anisotropic strain in A-plane GaN films with x and y
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