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Abstract—Reduced dark current leading to a specific detectivity (D∗) advantage over conventional detectors for extended
threshold wavelength (ET) detectors are reported in this article. For an infrared (IR) detector with a graded injector barrier
and barrier energy offset, the measured dark current was found to agree well with theoretical fits obtained from a 3-D
carrier drift model using the designed value of � = 0.40 eV (λt = 3.1 µm) (where � = 1.24/λt , � is the internal work
function and λt is the corresponding threshold wavelength), whereas the effective photoresponse threshold wavelength
determined from the spectral response measurements corresponds to 13.7 µm at 50 K. However, for the conventional
detectors, both the dark current and photoresponse threshold agree very well with the designed value of �. Comparing
threshold wavelengths of an ET detector and a conventional detector, an advantage in D∗ is observed for ET detectors
due to the strong reduction in dark current. Using this idea, standard threshold semiconductor detectors could be designed
to operate as long wavelength detectors with a higher value of detectivity and dark current (corresponding to the original
short-wavelength threshold).

Index Terms—Electromagnetic wave sensors, dark current, detectivity, GaAs/AlGaAs heterostructures, infrared (IR) photodetectors,
optoelectronic sensors.

I. INTRODUCTION

Dark current is an unavoidable fact in any photoconductive de-
tector. A common technique to reduce the dark current is to lower
the operating temperature, making the detector operation costlier and
cumbersome. Therefore, reducing the dark current without cooling
will be an advantage, especially for longer wavelength detectors for
next-generation optoelectronic devices.

In general, the threshold wavelength (λt ) of a conventional detector
is determined by the relation [1]–[3] λt = 1.24/�, where � is the
internal work function associated with growth, design, and also with
the dark current [5]. The internal work function is defined as the en-
ergy difference between the valence band edge of the barrier bottom
and the Fermi level of emitter [3]. However, in an IR detector with
graded barrier and a barrier energy offset (δEv) [3], [6], i.e., extended
threshold wavelength (ET) detector, the dark current depends upon �,
while photoresponse threshold wavelength from the spectral response
(λeff ) is governed by an effective work function, i.e., �′ = 1.24/λeff

(�′ << �), where λeff is beyond the standard expected limit set by λt

[3], [7]–[9]. Recently, for an ET detector, the measured dark current
was found to agree well with the designed value of � = 0.40 eV
(3.1 µm), whereas the experimental spectral photoresponse showed
[5] extended threshold wavelengths (λeff ) of 68, 45, and 60 µm at pos-
itive, zero, and negative voltage biases, respectively, at temperature
5.3 K. An ET detector consists of p-GaAs/AlxGa1−xAs heterostruc-
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ture with an absorber/emitter (p-type GaAs) sandwiched between high
energy undoped AlxGa1−xAs graded barrier and low energy undoped
AlxGa1−xAs constant barrier, the energy difference between the bar-
riers is referred to as the barrier energy offset (δEv). The detection
mechanism involves free carrier absorption in the emitter layer, fol-
lowed by the internal photoemission of photoexcited carriers across
the junction and then collection across the barrier. The model used
to explain the observation of λeff in ET detectors is based on the hot
carrier effects [10], [11], as reported by Somvanshi et al. [12]. The
interactions of hot carriers in doped GaAs layers were extensively
studied in the past experimentally, as well as theoretically [13], [14].

Nowadays, there has been an increased interest in using hot-carrier
driven effects for various photodetection and light-harvesting appli-
cations [15], [16]. Therefore, the development of ET detectors based
on hot-carrier effects, which overcome the restriction imposed on λt

by � is of vital importance. However, for practical applications, to
provide an advantage over the conventional detector, an ET detector
should have a reduced dark current and also specific detectivity (D∗)
that is comparable or better than the conventional detector. This article
demonstrates that the ET detector with reduced dark current, giving
a D∗ advantage over the conventional detector provides a foundation
for the future IR detector applications.

II. EXPERIMENTAL DETAILS

A set of samples consisting of conventional detectors named SP1,
SP2, HE0204 and an ET detector, i.e., 15SP3 were studied. The fab-
rication and structural details of conventional detectors are shown in
Fig. 1(a) and reported in the literature in detail [4], [7], [17]. The ET
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Fig. 1. (a) Unbiased valance band (VB) diagram of conventional de-
tector (denoted by solid lines), where X1, X2, X3, and X4 are the mole
fraction of Al in the AlxGa1−xAs barrier, w1, w2, and w3 are the thick-
nesses of injector, absorber, and collector, for conventional detectors,
value of X1 = X2 = X3 = X4 and are listed in Table I. (b) VB diagram of
ET detector, i.e., 15SP3 (denoted by dashed lines), δEv is the barrier
energy offset. In ET detector 15SP3, bottom contact (BC) graded by tun-
ing the Al mole fraction from X1 = 0.45 to X2 = 0.75, and an Al0.39Ga0.61
collector barrier is top contact, with X3 = X4 = 0.39, w1 = w2 = 80 nm,
w3 = 400 nm, N = 1, and δEv = 0.19 eV.

Table 1. Structural Details for Listed IR Detectors: Aluminum Mole
Fractions (X1, X2, X3, X4), Barrier Energy Offset (δEv), Activation En-
ergy from the Dark Current Fitting (�), Activation Energy from Exper-
imental Photoresponse (�′), and References From Where Data Have
Been Taken.

detector, i.e., 15SP3 were grown by Molecular Beam Epitaxy on semi-
insulating GaAs substrates, have three p-type GaAs regions, i.e., bot-
tom contact (BC), absorber (emitter), and top contact (TC), as shown in
Fig. 1(b). The 15SP3 consists of the p-GaAs absorber of 80 nm with
the bottom and top contacts having thicknesses of 80 and 400 nm,
respectively. Detector 15SP3 have a high energy graded barrier and
constant low-energy barrier with δEv = 0.19 eV. By varying the Al
fractions from 0.45 to 0.75, the detector 15SP3 has a graded barrier
profile with an energy offset between the barriers below and above the
absorber. The valence band (VB) diagram of conventional detectors,
i.e., SP1, SP2, and HE0204 (by solid lines) and 15SP3 (dash lines), are
shown in Fig. 1(a) and (b). The other details about both the structures
are listed in Table I. In addition, device parameters and photoresponse
details of a conventional hypothetical detector (M) (which is designed
to have a λt close to that of 15SP3) are also given in Table I. By par-
tially etching the top contact layer (p-GaAs), an optical window was
opened for normal incidence optical illumination of the detectors. The
detectors were mounted on the cold head of the liquid nitrogen-cooled
Dewar and liquid helium-cooled cryostat to allow measurements of
spectral response and dark current. The current–voltage (I-V) charac-
teristics of the photodetectors were measured using a Keithley 2400
source meter; a positive voltage connected to the TC with the BC
grounded is referred to as a positive bias. Similarly, a positive voltage

Fig. 2. Experimental (symbol) and dark current curves fitted (red solid
line) for the detectors HE0204, SP1, and SP2. In addition, simulated
dark current curve for a modeled hypothetical detector (•••M) of 13.7 µm
threshold using 3-D drift model.

connected to the BC with the TC grounded is referred to as a neg-
ative bias. A Fourier transform infrared (IR) (Perkin Elmer System
2000 FTIR) spectrometer was used to measure the spectral photore-
sponse, and a commercial Si composite bolometer (from IR Labo-
ratories, http://www.infraredlaboratories.com/Bolometers.html) with
known sensitivity was used to calibrate the photoresponse. More de-
tails about both detectors can be found in [4] and [7].

III. RESULTS AND DISCUSSION

In general, the dark current of the conventional detector is described
by a 3-D carrier drift model as [2], [5]

Idark = 2Aev (F)

(
m∗kB T

2π�2

)3/2

exp

(
−� − αF

kB T

)
(1)

where A is the electrically active area of the detector, e is the electronic
charge, � is the standard activation energy, v(F) is the carrier drift
velocity as a function of electric field, m∗ is the effective mass, kB

is Boltzmann’s constant, T is temperature, � is the reduced Planck’s
constant, and α is a fitting parameter that determines effective barrier
lowering [2] due to the applied electric field. From (1), it is clear
that for a given value of the electric field, Idark ∝ T 3/2exp(−�/kT ).
Recently, a theoretical model for dark current fitting was reported [5],
where dark current is fitted by � using 3-D carrier drift model. On
the basis of that theoretical model [5], the experimental dark current
of detectors SP1, SP2, and HE0204 were fitted using (1), as shown in
Fig. 2. The fitted dark current (solid red lines) and the experimentally
measured dark current (symbols) are showing excellent agreement.
The photoresponse spectra for listed samples were already published
previously by our group as reported in [1], [4], [5], and [7], which have
λt (�) of 6.0 µm (0.20 eV) for SP2 [1], 8.2 µm (0.50 eV) for SP1 [1],
and 16.1 µm (0.077 eV) for HE0204 [4], respectively, which agree
very well with � used for dark current model. On the basis of the 3-D
dark current model, the dark current of a hypothetical conventional
detector (M) for � = 0.091 eV is also simulated; the used parameters
for simulation are listed in Table I. The simulated dark current for
a conventional modeled detector (labeled as M) of � = 0.091 eV
(13.7 µm) is also shown by the dotted (•••) green line, as shown in
Fig. 2. The modeled detector has a reasonable dark current (lower
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Fig. 3. (a) Comparison of dark current for detectors HE0204 and
15SP3. A clear difference is seen in dark current for the two detectors
for close value of threshold wavelength. A dotted (green) line shows
a modeled dark current of a conventional detector with � = 0.091 eV
(λt = 13.7μm). Clearly, the modeled detector has a higher dark current
compared to the ET detector with the same value of λeff = 13.7 μm.
(b) Photoresponse spectra of HE0204 with λt = λeff = 16.1 μm (�′ =
0.077 eV) and dark current also fitted with �′ = 0.077 eV; however, for
15SP3, �′(λeff ) is 0.091 eV (13.7 μm), whereas dark current is fitted
with � = 0.40 eV corresponding to λt = 3.1 μm

than 16.1 µm and much higher than 7.8 µm detectors) for a 13.7 µm
detector. These agreements clearly indicate that the 3-D dark current
model is a reasonable model to obtain the dark current of detectors for
a given value of �.

Now, to demonstrate the dark current advantage in ET detector
(15SP3) over the conventional detector, the experimental dark current
of 15SP3, HE0204, and modeled (M) detector are compared at 50 K,
as shown in Fig. 3(a). The measured dark current of detectors HE0204
and 15SP3 are fitted using (1), as shown in Fig. 3(a), where the solid
lines represent the theoretical fits based on the 3-D drift model. The
� values used for dark current fitting for HE0204 is � = 0.077 eV,
which corresponds to λt = 16.1 μm and for 15SP3 and � = 0.40 eV,
which corresponds to λt = 3.1 μm. The experimental photoresponse
spectra of both detectors HE0204 and 15SP3 at 50 K are shown in

Fig. 4. Comparison of D∗ for HE0204 and 15SP3 at 50 K; the FWHM
value of D∗ is also included and denoted by dashed lines.

Fig. 3(b) at the electric field (E) = −19 kV/cm (since both have dif-
ferent thicknesses and number of periods). The threshold energy of
spectral photoresponse is determined by temperature-dependent in-
ternal photoemission spectroscopy (TDIPS); the details of the TDIPS
principle and the formalism for interpreting yield spectra by a fit-
ting procedure are described in [18]. From Fig. 3(a) and (b), it is
observed that � value used for dark current fittings for HE0204 is
� = 0.077 eV corresponds to λt = 16.1 μm, which matches very
well with experimental threshold wavelength of HE0204. Although,
for 15SP3, the � values used for dark current fitting is � = 0.40 eV
(λt = 3.1 μm); however, 15SP3 shows an experimental photoresponse
of � = 0.091 eV corresponding to λeff of 13.7 µm. Clearly, 15SP3
shows a dark current of a 3.1 µm detector, whereas photoresponse
corresponds to a 13.7 µm detector, which means 15SP3 have reduced
dark current advantage as compared to the conventional detector with
the close value of the photoresponse threshold wavelength. Since the
existing conventional detector has λt = 16.1 μm (HE0204), a mod-
eled hypothetical detector with a λt = 13.7 μm is used for justifying
the dark current advantage. Clearly, the dark current of 15SP3 is also
much lower than that of both λt = 16.1 μm threshold detector and
the simulated dark current of the modeled device with λt = 13.7 μm.
This confirms the dark current advantage in ET detector, i.e., 15SP3 as
compared to conventional detector HE0204. From the photoresponse
spectra of HE0204 and 15SP3 [see Fig. 3(b)], the value of peak re-
sponsivity is calculated. It is observed that peak responsivity (R) of
the 15SP3 is equal to 56.6 µA/W at 5.5 μm, which is much lower as
compared to the detector HE0204 that has R ∼20.3 mA/W at 11.6 μm.

The D∗ for both detectors, i.e., 15SP3 and HE0204 under the dark
condition at zero bias is calculated by using the following relation:

D∗ = R

√
R0 A

4kB T
(2)

where R is the spectral responsivity, kB is the Boltzmann constant, T is
the temperature, A (cm2) is the electrically active area of the detector,
and R0A is the resistance-area product at zero bias. The calculated
value of D∗ for HE0204 and 15SP3 are shown in Fig. 4, and for more
clarity of results, the full width at half maximum (FWHM) value of
D∗ is also included in Fig. 4. It is observed that D∗ for peak as well
as FWHM wavelength, range is higher in 15SP3 as compared to the
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Table 2. Value of Peak and FWHM Responsivity and D∗ for HE0204
and 15SP3 at Temperature = 50 K.

HE0204. Moreover, the FWHM value of D∗ of 15SP3 is even higher
than that of the peak value of D∗ at 11.6 μm of HE0204. All values
are listed in Table II.

It may be noted here in this article that both HE0204 and 15SP3 have
a difference of threshold wavelength (16.1 − 13.7 μm); however, there
is an order of magnitude difference in the responsivity (i.e., HE0204 is
of the order of mA/W, and 15SP3 is of the order of μA/W). Therefore,
even for the same threshold wavelengths, a similar order of difference
in order of responsivity is expected. Thus, the dark current advantage
is stronger in ET detectors than the responsivity difference, giving rise
to a better D∗. Although the responsivity for the conventional device
(HE0204) is higher, however, due to the reduced dark current, D∗ is
higher for ET detector (15SP3). This confirms the proposed idea of
longer threshold wavelength detector with a reduced dark current and
D∗ advantage in ET detector as compared to a conventional detector.

IV. CONCLUSION

In conclusion, a conventional detector HE0204 have dark current
and photoresponse threshold corresponding to designed � = 0.077 eV,
which gives λt = 16.1 μm at 50 K. However, as proposed ET detector
15SP3 has a dark current designed λt = 3.1 μm, whereas λeff corre-
sponding to 13.7 µm at 50 K. This dark current advantage leads to
the higher value of D∗ = 1.5 × 108 Jones for 15SP3 over HE0204 =
1.1 × 107 Jones, even though the responsivity of 15SP3 is much lower
as compared to HE0204. On the basis of the results, it can be con-
cluded that the ET detector can be designed to have a longer threshold
wavelength with a reduced dark current and D∗ advantage. This idea
can be further employed to reduce the energy consumption of most of
the electronic components, leading to large scale savings, by reducing
unwanted (as heat) energy usage.
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