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A GaN/AlGaN heterojunction interfacial work function internal photoemission infrared detector
responding in 8–14 and 20–70 �m ranges has been demonstrated. Free carrier absorption based
photoresponse shows a wavelength threshold of 14 �m with a peak responsivity of 0.6 mA/W at
80 K under −0.5 V bias. A sharp peak in the 11–13.6 �m range is observed superimposed on the
free carrier response. In addition, the work demonstrates 54 �m �5.5 THz� operation of the detector
based on 1s–2p± transition of Si donors in GaN. Possible approaches on improving the
performance of the detector are also addressed. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2360205�

The well studied GaAs/AlGaAs material system has
been the material of interest for developing infrared �IR� de-
vices during the past few decades. GaAs/AlGaAs detectors
covering a wide range from near infrared �NIR� to FIR1–4

have been developed using different concepts and tech-
niques. Due to the rapid development of group III-As based
device structures, mainly detectors, lasers,5 and focal plane
arrays,6 optimization of devices has been readily achieved.
Further improvements may require the use of other material
systems, which have advantages in different regions com-
pared to the GaAs/AlGaAs system. For example, the rest-
strahlen region of GaAs can be accessible with other material
systems. Currently, as a group III-V material, GaN has at-
tracted the attention of the scientific community in develop-
ing electronic and optoelectronic devices. GaN/AlGaN de-
vice structures, such as ultraviolet �UV� light emitting
diodes,7 multiple quantum well light emitting devices,8,9

Schottky photodetectors,10 and heterojunction
photodetectors,11 have been already demonstrated. Using the
GaN/AlGaN system, mid-infrared �Ref. 12� and MIR �Ref.
13� quantum well infrared photodetectors have been demon-
strated. Also photodiodes operating in the UV region are
available for a wide variety of commercial applications.
However, detectors working in the long wave or very long
wave IR regions based on group III-nitrides are still in the
initial development stage. At present, the growth of high-
quality GaN/AlGaN heterostructures is limited by the avail-
ability of suitable lattice-matched substrate materials and
process/material knowledge base, which has to be overcome
for more advanced optoelectronic device structures.

In this letter, the operation of a GaN/AlGaN heterojunc-
tion interfacial work function internal photoemission
�HEIWIP� IR detector14 responding in the 8–14 and

20–70 �m ranges is demonstrated. The wide band gap of
GaN reduces interband tunneling relative to GaAs, and the
higher effective mass would reduce the thermal emission,
leading to better performance.

The HEIWIP structure was grown by metal-organic
chemical-vapor deposition on a sapphire substrate. As sche-
matically shown in Fig. 1�a�, the GaN/AlGaN HEIWIP
structure consists of a n-doped GaN emitter layer �which also
serves as the top contact�, an undoped AlxGa1−xN barrier
layer with x of 0.026, and a n-doped GaN bottom contact
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FIG. 1. �a� Schematic diagram of the GaN/AlGaN HEIWIP structure. The
doping concentration of the GaN emitter is 5�1018 cm−3, while the GaN
bottom contact is doped to 5�1018 cm−3. The AlGaN barrier is not inten-
tionally doped. By design, the Al fraction of AlGaN is set to 0.026 in order
to have 14 �m wavelength threshold. �b� The band diagram showing the
conduction band profile. The band offset � determines the wavelength
threshold.
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layer. Si was used as the n-type dopant. The structure was
processed to form square mesa elements of different areas by
dry etching techniques. The Ohmic contacts were formed by
deposition of Ti/Al/Ti/Au �metalization� on the top and bot-
tom contact layers. After the metalization, the device struc-
ture was annealed under a N2 gas flow at 700 °C tempera-
ture for 2 min. The annealed sample was mounted on a chip
carrier and wire bonds were made from each mesas of the
sample to the chip carrier. Current-voltage �IV� measure-
ments 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. Spectral measurements for nor-
mal incidence radiation were carried out on several uniform
mesas, by using a Perkin Elmer System 2000 Fourier trans-
form infrared �FTIR� spectrometer. The spectra were cali-
brated relative to a background spectra obtained by a Si com-
posite bolometer with the same set of optical components.

The band diagram indicating the conduction band profile
and the transition of electrons leading to free carrier response
is shown in Fig. 1�b�. The detection mechanism14 involves
free carrier absorption in the emitter, followed by internal
photoemission of photoexcited carriers across the interfacial
barrier, and then collection of carriers by the applied electric
field at the contacts. The offset between the Fermi level in
the emitter layer and the conduction band edge of the barrier
layer forms the interfacial work function ���, which arises
due to band offset of different materials and band gap
narrowing15 of the highly doped emitter layer. The threshold
wavelength �0 �in micrometers� is given by 1240/�, where
� is in meV.

The variation of the detector response in the 8–14 �m
range with bias at 5.3 K is shown in Fig. 2�a�. The calculated
response at −1 V bias is also shown in the figure. The detec-
tor has a 14 �m zero response threshold ��0� with a peak at
12 �m. The reststrahlen absorption of GaN falls in the
14–20 �m region, drastically reducing the photoresponse, as
evident from the figure. The spectral measurements per-
formed on several mesas confirm that the detector response
is consistent. The response in the 8–14 �m region is due to
free carrier absorption, as expected from the theoretical cal-
culation. The calculation is based on a model14 in which the

complex permittivity is calculated by the Lorentz-Drude
theory, and the light propagation in the structure is derived
from the transfer matrix method. The responsivity R is given
by R=�gpq� /hc, where � is the total quantum efficiency, gp
is the photoconductive gain, q is the electron charge, � is the
wavelength, h is the Planck constant, and c is the speed of
light. The detector has a peak responsivity of 0.8 A/W and a
detectivity of 2.5�1010 Jones at 5.3 K. The responsivity
drastically decreases with decreasing bias, and zero response
was observed at 0 V bias, confirming no photovoltaic effect
exists. A similar but slightly weaker response was observed
for the detector under forward bias. The photoconductive
gains at −1, −0.75, and −0.5 V biases are 1.3, 0.7, and 0.4,
respectively.

The broad peak superimposed on the free carrier re-
sponse in the 11–13.6 �m region might be due to carbon
impurities or nitrogen vacancies. The reported donor ioniza-
tion energy of carbon16 falls in the 0.11–0.14 eV range,
while the binding energy of N vacancy17 is about 0.1 eV. As
the donors in the barrier will be widely scattered, they will
act as a hydrogenic atom, and the standard hydrogenic en-
ergy level model can be used to determine the location of
absorption peaks associated with a given transition. Carbon
can be unintentionally introduced into GaN during the
growth, either as a donor at a Ga site or as an acceptor at a N
site, mainly through the organic precursors. Assuming that
the two peaks observed at 11.9 �m �104.2 meV� and
13.3 �m �93.2 meV� are due to transitions to the first impu-
rity excited state, the ionization energies were calculated to
be 139 and 124 meV, respectively. These ionization energy
values in the 140–110 meV range support the assumption
that the corresponding transitions are carbon donor related
impurity transitions. Transitions related to carbon acceptors
�0.89 eV of ionization energy�16 fall out of the spectral range
reported here �below 1.4 �m�, although the carbon acceptors
are preferred in GaN.18 The measurements performed on dif-
ferent devices provide consistent results. For detectors with a
threshold above 14 �m, these impurity transitions enhance
the response. Detectors designed to have shorter thresholds
�below 14 �m� operating at high temperatures will not show
the expected performance at the designed temperature, be-
cause the thermal excitations take place through impurity
states. However, to reduce the incorporation of carbon,
which affects the IR detector response, alternative group III
precursors can be explored.

FIG. 3. Current-voltage curves at different temperatures under dark condi-
tion and the 300 K background photocurrent at 30 K. The detector has a
BLIP of 30 K, and this is lower than the expected BLIP temperature due to
the response at 54 �m.

FIG. 2. �a� Spectral response of the detector measured at 5.3 K under dif-
ferent biases and the calculated free carrier response fitted with the experi-
mental curve at −1 V. The sharp drop at 14 �m is due to the reststrahlen in
GaN. The broad peak in the 11–13.6 �m region on the free carrier response
is probably due to carbon impurities and/or nitrogen vacancies in the struc-
ture. �b� Response at 54 �m �5.5 THz� based on 1s–2p± transition of Si
donors in GaN.
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As shown in Fig. 2�b�, a sharp peak at 54 �m �5.5 THz�
is also observed. The corresponding energy for the transition
leading to this peak is 23 meV. Researchers19 have found 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.20 has reported the 1s–2p± transition of Si in GaN at
23.3 meV and donor effective mass binding energy of
31.1 meV. Hence, the sharp response peak observed at
23 meV can be identified as 1s–2p± transition of Si donors
in GaN. Infrared absorption measurement is a well known
technique to identify the shallow impurities such as Si in
GaN. This study not only confirms the 1s–2p± transition of
Si in GaN but also results in a GaN/AlGaN terahertz detec-
tor. Since the donor states of Si in intentionally doped GaN
are quite understood and stable, a 5.5 THz detector could be
developed based on 1s–2p± transition, and a promising re-
sult is reported for an unoptimized detector.

The dark current-voltage �IV� characteristics of the de-
tector at different temperatures, along with the 300 K back-
ground photocurrent curve measured at 30 K, are shown in
Fig. 3. Based on the dark and the photocurrent measure-
ments, the background limited infrared performance �BLIP�
temperature is obtained to be 30 K. The BLIP temperature
may have been reduced due to the terahertz response which
is visible at low temperature. The response below 14 �m can
be obtained up to 80 K, and Fig. 4�a� shows the responsivity
at 20, 30, 60, and 80 K under −0.5 V bias. The response at
80 K is weak, only showing the signature of the response in
the 10–14 �m region.

A comparison between the absorption of FIR radiation
by a 1 �m thick GaAs film and a GaN film is shown in Fig.
4�b�. Both films are n doped to a density of 5�1017 cm−3.
Due to higher absorption in the region above 40 �m, GaN
would be a good candidate for FIR detector development.
The GaN/AlGaN detector reported in this letter is not opti-
mized to have the best performance in the 8–14 �m range.
The response of the current single period detector can be
significantly enhanced by incorporating multiperiods of
emitter/barrier layers. In comparison with a GaAs/AlGaAs
HEIWIP detector21 with multiperiods responding in the
5–20 �m range, the reported GaN/AlGaN detector has a
higher response even with a single period. However, the de-
tectivity is lower than the GaAs/AlGaAs detector. This could

be due to the increased dark current �also the increased noise
current� as a result of the response at 54 �m due to the
transitions of Si impurity atoms in GaN. Moreover, resonant
cavity enhancement14 could be used to increase the perfor-
mance of the detector further.

In summary, a GaN/AlGaN HEIWIP detector respond-
ing in the 8–14 and 20–70 �m regions is reported. The re-
sponse in the 8–14 �m range is due to free carrier absorp-
tion in the structure, while the response at 54 �m �5.5 THz�
is based on 1s–2p± transition of Si donors in GaN. Some
minor response contributions associated with impurity states
in the system were also observed. The promising initial re-
sults demonstrate the possibility of GaN/AlGaN IR detectors
with improved performance compared to GaAs/AlGaAs
based detectors.
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FIG. 4. �a� Spectral response measured at 20, 30, 60, and 80 K under
−0.5 V bias. The 10–14 �m response decreased in strength as the tempera-
ture increased beyond 60 K. �b� Comparison of calculated IR absorption by
1 �m thick GaAs and GaN films.
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