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Abstract

Results are reported on dual-band detectors based on a GaN/AlGaN structure operating in both the ultraviolet–midinfrared (UV–
MIR) and ultraviolet–farinfrared (UV–FIR) regions. The UV detection is due to an interband process, while the MIR/FIR detection is
from free carrier absorption in the emitter/contact followed by internal photoemission over the barrier at the GaN/AlGaN interface. The
UV detection, which was observed from 300 K to 4.2 K, has a threshold of 360 nm with a peak responsivity of 0.6 mA/W at 300 K. The
detector shows a free carrier IR response in the 3–7 lm range up to 120 K, and an impurity response around 54 lm up to 30 K. A
response in the range 7–13 lm, which is tentatively assigned to transitions from C impurities and N vacancies in the barrier region,
was also observed. It should also be possible to develop a detector operating in the UV–visible–IR regions by choosing the appropriate
material system. A dual-band detector design, which allows not only to measure the two components of the photocurrent generated by
UV and IR radiation simultaneously but also to optimize the UV and IR responses independently, is proposed.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Several dual-band detectors [1–3] based on group III-As
material systems, operating in near-infrared (NIR), and
mid-/very-long-wavelength-/far-infrared (MIR/VLWIR/
FIR) regions have been reported. Recently, homojunction
device structures based on GaAs [4] and Si [5] having a
dual-band response in NIR and VLWIR have also been
demonstrated. GaN dual-band detectors [6] reported so
far can detect ultraviolet (UV) and NIR radiation. Detect-
ing multiple wave bands by a single detector can eliminate
the difficulties of operating several detectors with separate
1350-4495/$ - see front matter � 2006 Elsevier B.V. All rights reserved.
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cooling assemblies and electronics. One example of UV/
IR dual-band detector is fire and flame detection where dif-
ferent types of fires emit different radiation strengths from
UV to IR. Different flames from different materials, such
as hydrogen and coal, have significant intensity variation
in the emission spectrum in the UV and IR regions. More-
over, these detectors can be used as UV or NIR detectors
alone, and can be employed in applications in the same
way as other IR detectors. Group III-Nitrides, especially
GaN, have become the material of interest in developing
high speed electronic and optoelectronic devices, other than
the well studied group III-Arsenides such as GaAs. Ultravi-
olet (UV) detectors [7,8], UV light emitting diodes [9–11]
and laser diodes [12] have been successfully demonstrated,
and are widely available for commercial applications such

mailto:uperera@gsu.edu


Fig. 1. (a) Schematic diagram of GaN/AlGaN HEIWIP structure. The
doping concentration of the GaN emitter and the bottom-contact is
5 · 1018 cm�3. The Al0.1Ga0.9N barrier is not intentionally doped. (b)
Band diagram showing the conduction band profile. The interband
transition in the barrier leads to UV response, while IR response is due to
intraband transition. The band offset D determines the wavelength
threshold.
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as flame detection, UV imaging, solar UV detection, as well
as applications for industries such as those focusing on mil-
itary, agricultural, and automotive products. In the range of
infrared, researchers have reported GaN/AlGaN Schottky
photodiodes [13] and quantum well infrared photodetectors
(QWIPs) [14]. In the FIR region, one advantage of GaN
over GaAs is that GaN has higher absorption than GaAs,
and also the reststrahlen region of GaAs can be accessed
with GaN, gaining a broad response from 20 lm and above.
Another advantage is detecting both UV and IR radiation
simultaneously, which would be an important tool in fire
fighting, and for military and other applications. Moreover,
the wide band gap of GaN reduces interband tunneling
relative to GaAs, and the higher effective mass would
reduce the thermal emission. However, development of
GaN high speed optoelectronic devices with improved per-
formance are still in their infancy since the growth of high-
quality GaN/AlGaN heterostructures is limited by the
availability of suitable lattice-matched substrate materials
and process/material knowledge base. Here, the success-
ful results on a HEterojunction Interfacial Workfunction
Internal Photoemission (HEIWIP) detector based on
GaN/AlGaN system, which can be operated in both UV
and IR (3–13, and 20–70 lm) regions, is reported. A design
for a UV/IR dual-band detector with improved detector
performance and simultaneous dual-band detection capa-
bility is proposed.

2. Experiment

The HEIWIP structure was grown by organometallic
chemical vapor deposition (OMCVD) on sapphire sub-
strate, and consists of a Si doped n+ GaN emitter layer
(also served as the top-contact), an undoped Al0.1Ga0.9N
barrier, and a n+ GaN bottom contact layer, as shown in
Fig. 1(a). The thickness and the doping density of the
GaN emitter, and the GaN bottom-contact are 0.2 lm,
5 · 1018 cm�3, 0.7 lm, 5 · 1018 cm�3, respectively, and the
thickness of the undoped Al0.1Ga0.9N barrier is 0.6 lm.
The structure was processed to form square mesa elements
with different active areas by dry etching techniques. The
ohmic contacts were formed by deposition of Ti/Al/Ti/
Au (metalization) on the top- and bottom-contact layers.
After the metalization, the device structure was annealed
under a N2 gas flow at 700 �C temperature for two minutes.
The annealed sample was mounted on chip carriers and
wire bonds were made from each mesa of the sample to
the chip carrier. Current–voltage (IV) measurements were
performed, by using a Keithley 2400 source meter, on all
the mesas of the sample in order to check for uniformity
of the structure. The spectral response of the detector in
the UV region was obtained using an Oriel Deuterium
UV source, UV/VIS monochromator, and neutral density
filters, and spectra were calibrated using a background
spectrum obtained by a Hamamatsu photomultiplier tube
with a known sensitivity. Spectral measurement in the IR
region for normal incidence radiation was carried out by
using a Perkin Elmer System 2000 Fourier transform infra-
red (FTIR) spectrometer. The spectra were calibrated rela-
tive to a background spectrum obtained by a Si composite
bolometer with the same set of optical components.

3. Results and discussion

The dual-band detection involves two detection mecha-
nisms. The energy band diagram indicating the transitions
due to both mechanisms is depicted in Fig. 1(b). The UV
detection is based on interband transitions of carriers in
the Al0.1Ga0.9N barrier. The intraband detection (IR)
mechanism involves free carrier absorption in the emitter,
followed by the internal photoemission of photoexcited
carriers across the junction barrier, and then the collection
of carriers by the applied electric field at the contacts. The
offset between the Fermi level in the emitter layer and the
valence band edge of the barrier layer forms the interfacial
workfunction (D) which arises due to the band offset of dif-
ferent materials [15], and the band gap narrowing [16] of
the highly doped emitter layer. The threshold wavelength
k0 (lm) is given by 1240/D, where D is in meV. A compar-
ison of the calculated IR absorption of 1 lm thick
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Fig. 2. A comparison of the calculated IR absorption of 1 lm thick
5 · 1017 cm�3 n-doped GaAs and GaN films in the IR region.

Fig. 4. (a) UV/IR dual-band response of the detector. The UV respon-
sivity curve has been multiplied by 30 for clarity. (b) The response at
54 lm (5.5 THz), which is due to the transition between 1s and 2p±
impurity levels of Si in GaN.
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5 · 1017 cm�3 n-doped GaAs and GaN films is shown in
Fig. 2. As seen in the figure, due to higher absorption in
the region above 40 lm, GaN would be a good candidate
for the FIR detector development.

The dark current of the detector at different tempera-
tures is shown in Fig. 3. The detector shows a higher dark
current than other detectors operating in similar regions.
This increase in the dark current is possibly ascribed to
the hopping conductivity of Si impurity electrons in the
barrier. The presence of Si impurities has been confirmed
by a response peak at �54 lm corresponding to photoion-
ization of Si impurity atoms, which will be discussed later.

The UV/IR dual-band response of the detector is shown
in Fig. 4(a). UV photons excite the valance electrons in the
AlGaN barrier layer, and the generated electron-hole pairs
are separated by the applied electric field before recombina-
tion, as shown in Fig. 1(b). The UV threshold wavelength
observed at 360 nm matches the band gap of Al0.1Ga0.9N
alloy. Due to autodoping in GaN, it is expected that the
barrier region will be n-doped to �1017 cm�3 even though
no intentional doping was carried out. This autodoping
may enhance the UV detection by increasing the gain in
Fig. 3. Dark current of the GaN/ALGaN HEIWIP detector at different
temperatures.
the UV detector due to trapping of minority carriers at
the interface [17]. The bandgap between the valence
and conduction bands in Al0.1Ga0.9N is EG = 6.13x +
3.42(1 � x) � 1.08x(1 � x) eV [18], where x is the Al frac-
tion in the AlGaN barrier. The UV threshold wavelength
k0G (nm) is then given by k0G = 1240/EG where EG is in
eV. The free carrier absorption occurs in the emitter layer
and carriers undergo photoemission across the barrier
(Fig. 1(b)). The detector shows a free carrier response in
the 3–7 lm range, and the response can be observed up
to 120 K.

The experimental responsivity of the detector in both
UV and IR regions are fitted to theoretically expected
responses, as shown in Fig. 5. The permittivity associated
with the interband transition is calculated by using the
model dielectric function [19]. The permittivity for the
intraband transition is calculated by using a model [15]
based on Lorentz–Drude theory. The light propagation
in the structure is derived from the transfer matrix method.
The responsivity, R is given by R = ggpqk/hc, where g is the
total quantum efficiency, gp is the photoconductive gain, q

is the electron charge, k is the wavelength, h is the Planck
constant, and c is the speed of light. In comparison with
Fig. 5. Calculated UV/IR responses (dash line) of the detector, fitted with
the experimental results (solid line).
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the model response, the UV responsivity decreases with
decreasing wavelength below the band edge. This effect
and possible causes have been reported previously [20].
The IR response consists of a free carrier response, which
matches the calculated response, and an impurity-related
response. The oscillations in the response spectrum can
be fitted with Fabri–Perot interference in the structure.
The experimental and calculated thresholds of the detector
reported in this article and a similar GaN/Al0.026Ga0.974N
detector reported previously [21] in both UV and IR
regions is shown in Fig. 6.

The detector shows a distinguishable IR response in the
two regions, 3–7 lm and 7–13 lm. The short region
response 3–7 lm is the expected free carrier response as
designed, while the response in the region 7–13 lm could
be due to impurity-related transitions in the structure,
potentially due to C impurities or the N vacancies. The
reported donor ionization energy of carbon [22] falls in
the 110–140 meV range, while the binding energy of N
vacancy [23] is about 100 meV. Hence, the two peaks
observed at 9 and 11 lm (138 and 113 meV, respectively)
could be due to transitions between carbon impurity states.
Furthermore, the free carrier response was observed up to
120 K, as shown in Fig. 4(a), and the response in the range
7–13 lm drastically decreased with increasing temperature.
This temperature dependent variation is good evidence that
the responses in the two regions are connected to two dif-
ferent mechanisms. The lower temperature for the impurity
is associated with the lower energy required for thermal
excitation, depleting the impurity states.

A sharp peak at 54 lm (5.5 THz), which corresponds to
an energy of 23 meV for the transition leading to it, is
observed in the response spectrum, as shown in Fig 4(b).
Wang et al. [24] reported the donor binding energy of Si
in GaN to be 29 meV, and the transition from 1s to 2p±
level occurs at 21.9 meV. Moore et al. [25] reported the
1s–2p± transition of Si in GaN at 23.3 meV, and donor
effective mass binding energy of 31.1 meV. Hence, it
can be concluded that the sharp response peak observed
at 23 meV is due to 1s–2p± transition of Si donors in
Fig. 6. Experimental and calculated wavelength thresholds in UV and IR
regions for the detector reported in this article (current) and the detector
demonstrated previously [21].
GaN. This concludes that GaN offers the possibility
of developing a 5.5 THz (54 lm) detector, based on the
1s–2p± transition of Si in GaN. On the other hand, the
Si impurity-related transition can lead to an increased dark
current for a detector designed to operate in a shorter
wavelength region. A similar response was also reported
for the previous GaN/Al0.026Ga0.974N HEIWIP detector
[21].

In comparison with UV detectors, the reported GaN/
AlGaN HEIWIP UV/IR dual-band detectors (previous
[21] and current) have much lower UV responses. The
probable cause for the low UV response is the high absorp-
tion of UV radiation within the 0.2 lm thick top-contact
layer. The absorption coefficient for GaN is >105 cm�1,
which means that in the 0.2 lm thick top-contact, the
absorption would be 90% or greater. Also the carriers gen-
erated by the absorption of UV radiation in the top-con-
tact do not contribute to the photocurrent. In order to
eliminate the effect of the top-contact, another detector
was fabricated from the same structure (the reported detec-
tor structure in this article) by etching the top-contact out,
except directly under the metal ring, as shown in Fig. 7.
However, this will lead to a reduced infrared detection
under reverse bias (top-contact is negative) since there is
no emitter region for free carrier absorption. In the later
part of the discussion, the labels ‘‘Unetched’’ and ‘‘Etched’’
will be used to refer to the original detector and the detec-
tor after etching the top-contact, respectively. In the
etched-structure, UV radiation is directly incident onto
the barrier layer, and a maximum absorption of UV radia-
tion can be expected.

As shown in Fig. 8, the dark current of the etched-detec-
tor has decreased by an order of magnitude. Since the
Fig. 7. Schematic diagram of GaN/AlGaN HEIWIP structure after
etching the top-contact except under the metal ring. UV radiation is
directly incident onto the barrier and absorption takes place mainly in the
barrier. The electric field distribution in the barrier under positive bias
(top-contact is positive) is also shown.



Fig. 8. Comparison of the dark current of the unetched- and etched-
detectors. Since the top-contact has been removed inside the metal ring,
the effective electrical area of the device has reduced, leading to a higher
resistance, and hence lower dark current.

Fig. 9. Comparison of UV/IR dual-band response of both unetched- and
etched-detectors. By etching the top-contact, the UV response was
enhanced by a factor of 4, while the IR response was reduced by a factor
of 8.

Fig. 10. Schematic diagram of a processed GaN/AlGaN HEIWIP
detector structure designed for simultaneous measurement of the two
components of the photocurrent generated by UV and IR radiation.
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top-contact has been removed inside the metal ring, the
effective electrical area of the device has reduced, leading
to a higher resistance, and hence lower dark current. A com-
parison of the UV–IR dual-band response of both unetched
and etched-detector is shown in Fig. 9. The UV response is
at 300 K under �1 V bias, while the IR response is at 80 K
under �3 V bias, and both samples were measured in a sin-
gle run to minimize any change in the measurement setup.
By etching the top-contact, the UV response was enhanced
by a factor of 4, while the IR response was reduced by a fac-
tor of 8. For the etched-detector, even though the absorp-
tion in the barrier layer is high, the expected enhancement
was not achieved. It could be due to reduced collection effi-
ciency of the excited carriers as a result of non-uniform elec-
tric field distribution in the barrier and hence the weak field
in the middle of the barrier, as shown in Fig. 7. The IR
response of the unetched-detector has reduced significantly,
however, there is still non-zero IR response due to impurity
transitions in the barrier and the portion of the top-contact
left in the structure.
While the dual-band detector reported here are detecting
both UV and IR radiation, the two components of the pho-
tocurrent generated by UV and IR radiation cannot be sep-
arated out unless external optical filters are used. Using
external optical filtering can reduce the radiation intensity
incident onto the detector, and hence decrease the perfor-
mance of the device. As the response for the two processes
originate at different locations, it will be possible to design
a device that is capable of separately measuring both com-
ponents of the photocurrent simultaneously. The idea is to
use three contacts to measure two separate currents simul-
taneously, and then from these currents to separate the UV
and IR contributions. The processed device structure and
the conduction/valence band profile for the proposed
design are shown in Figs. 10, and 11, respectively. The
expected wavelength thresholds in the UV and IR regions
are 350 nm and 14 lm, respectively. The photocurrent gen-
erated by IR radiation can be measured with the middle-
and bottom-contacts (IR active region) under both forward
and reverse bias. The UV skin-depth is smaller than the
combined thickness of the UV active region and hence
the intensity of UV radiation incident on to the IR active
region is insignificant. As a result, UV absorption does
not take place in the IR active region. The component of
the photocurrent generated by UV radiation can be mea-
sured with top- and middle-contacts. Since the top-contact
is etched out leaving just a ring-contact, there is no effective
emitter–barrier junction when the top-contact is negatively
biased. Therefore, under this configuration, there is no free
carrier generated IR photocurrent expected in the UV
active region.

The dual-band detection approach, reported in this arti-
cle, can be used to develop dual-band detectors tailored to
specific applications. By adjusting the material composition
in the layers, the thresholds for the interband and intra-



Table 1
Summary of different materials used to obtain dual-band response in
different spectral regions

Barrier
material

Emitter
material

Interband response
threshold (lm)

Free carrier response
range (lm)

i-GaAs p-GaAs 0.8 5–72
i-Si p-Si 1.1 5–35
i-Al0.1Ga0.9N n-GaN 0.360 3–7

GaAs [4] and Si [5] homojunction detectors have been reported previously.

Fig. 11. Conduction and valence band profile of the proposed device structure designed for simultaneous measurement of the two components of the
photocurrent generated by UV and IR radiation.
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band responses can be tailored separately. For example, in
an AlGaN based detector, if the Al fraction is varied in
both the emitter and barrier by the same amount, only
the interband threshold will change, while the intraband
threshold remain constant. Alternatively varying only the
emitter Al fraction, the intraband threshold could be varied
without changing the interband threshold. Moreover, the
resonant cavity effects can be used to tailor the IR response
peak to the desired wavelength. By adjusting the materials
it will be possible to tune the interband threshold from the
UV to NIR and the intraband threshold from the MIR to
the FIR. That is, the reported dual-band approach with
HIWIP/HEIWIP detectors can be tested with any material
such as InN, InGaN, GaN, AlGaN, and AlN. InN could
give an interband response in NIR, while InGaN could
respond in NIR–Visible (VIS) regions. A UV interband
response could be expected from an AlN based detector.
A summary of different materials used to develop dual-
band detectors is shown in Table 1, which includes both
homojunction and heterojunction detectors.

4. Summary

In summary, GaN/AlGaN HEIWIP dual-band detec-
tors responding in UV and IR regions based on interband
and intraband transitions in the structure are reported. The
UV threshold is observed at 360 nm, and the IR response is
in the range 3–13 lm. A response at 54 lm is also observed,
which is due to the transition between 1s and 2p± impurity
levels of Si in GaN. Based on theoretical models and exper-
imental data, the transitions leading to each band are
explained. The weak UV response of the detector is due
to the high absorption of UV radiation in the top-contact
layer, which does not contribute to photocurrent. By etch-
ing out the top-contact layer, it is shown that the UV
response of the detector can be enhanced. A dual-band
detector design, which can be used to measure the two
components of the photocurrent generated by UV and
IR radiation simultaneously, is also proposed. Moreover,
this design allows to optimize the UV and IR responses
independently. By adjusting the material or the alloy frac-
tion, the threshold wavelength of the interband, and intra-
band responses can be tailored.
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