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Characteristics of a Si dual-band detector responding in both
near- and very-long-wavelength-infrared regions
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A p-type Si homojunction detector responding in both near- and very-long-wavelength-infrared
(NIR and VLWIR) ranges is demonstrated. The detector consists of a p**-Si top contact layer, a
p*-Si emitter, an undoped Si barrier, and a p**-Si bottom contact layer grown on a Si substrate.
Interband and intraband transitions lead to NIR and VLWIR responses, respectively. The
responsivity, quantum efficiency, and detectivity at —1 V bias and 4.6 K are ~0.024 A/W, 3.7%,

and ~1.7X10° cm Hz'2/W at

0.8 wm, while they are

1.8 A/W, 88%, and ~1.2

X 10" em Hz'2/W at 25 um, respectively. The background limited infrared performance
temperature at +0.9 V bias is 25 K. © 2006 American Institute of Physics.

[DOI: 10.1063/1.2336202]

Interest in developing multiband detectors'™ has in-

creased recently. This is partly due to the increased accuracy
in using multiple wavelength bands. For example, in mine
detection® false positives can be reduced and a missile can be
clearly distinguished from its plume. Measuring multiple
wavelength bands typically requires multiple detectors with
separate cooling assemblies and readout circuits. The diffi-
culties of assembling several detectors and the increased cost
can be overcome by using a single detector responding in
multiple bands. Recently, GaAs dual-band detectors respond-
ing in both the near-/midinfrared (NIR/MIR)® and NIR/far-
infrared regions7 have been reported. Here, a p-type Si ho-
mojunction interfacial workfunction internal photoemission

(HIWIP) detector sensitive to NIR and very-long-wavelength
infrared (VLWIR) radiation is discussed. In comparison with
the GaAs dual-band detector reported previously,7 this detec-
tor has an extended NIR response (up to 1 um) and a con-
tinuous IR response from 5 to 35 um with a peak at 25 um.
Commercially available Si detectors with a response in the
range of 5—30 um are operated at 4.2 K and have a respon-
sivity of 2 A/W. Si blocked impurity band’ detectors have a
responsivity of 32 A/W at 7 K and previously demonstrated
Si HIWIP detectors'® have shown a responsivity of
123 A/W at 275 um with a detectivity of 6.6
X 100 ¢cm HzY2/W at 4.2 K. As a VLWIR detector, this de-
vice can be operated at 4.6 K with a responsivity of
1.8 A/W and a detectivity of ~1.2X 10'" cm Hz'2/W at
25 pum under —1 V bias. It also operates up to 30 K with a
background limited infrared performance (BLIP) tempera-
ture of 25 K at +0.9 V bias. Although the device is not op-
timized for either NIR or VLWIR operations, both the NIR
and the VLWIR responses together could have a commercial
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appeal. In astronomy, where infrared technology plays a
dominant role in observing celestial objects, the NIR re-
sponse of the detector can be used to observe cooler red
objects and VLWIR can detect cold objects such as comets,
planets, etc.

The Si based HIWIP detector was grown by metal-
organic chemical-vapor deposition on Si substrate and con-
sists of a p-doped Si bottom contact, an undoped Si barrier, a
p-doped Si emitter layer, and a p-doped Si top contact layer,
as shown in Fig. 1(a). Boron was used as the p-type dopant.
The devices were processed and a 400X 400 um? device
was used for characterization. As shown in Fig. 1(b), the
dual-band detection is based on interband transitions in the
undoped barrier (NIR), and intraband transition within the
emitter (VLWIR). Incident NIR photons are absorbed by the
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FIG. 1. (a) Schematic diagram of Si HIWIP structure. The doping concen-
tration of the Si emitter is 2.5X 10'® cm™3, while the contacts are doped to
1.5X 10" cm™. The Si barrier is not intentionally doped. The thicknesses of
the top contact, emitter, barrier, and bottom contact layers are 0.1, 0.2, 1,
and 1 pm, respectively. (b) Band diagram showing the conduction and va-
lence band profiles of the structure.
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Si barrier layer, and an electron-hole pair is generated. Ex-
cited carriers are then collected by the applied electric field
and both electrons and holes contribute to the photocurrent.
The wavelength threshold is determined by the band gap of
the barrier material. The detection mechanism leading to VL-
WIR detection involves free carrier absorption in the emitter,
followed by the internal photoemission of photoexcited car-
riers, and then the collection of carriers by the applied elec-
tric field at the contacts. When the emitter is doped above the
Mott transition level, an impurity band is formed and the
Fermi level goes below the valence band edge (for p type),
making a metallic emitter layer. However, the Fermi level in
the emitter still can be above the valence band edge of the
barrier due to the band gap narrowing in the emitter from the
high doping. The offset between the Fermi level in the emit-
ter layer and the valence band edge of the barrier layer forms
the interfacial workfunction (A). If the shift of the valence
band edge of the emitter with respect to that of the barrier
due to band gap narrowing is AEy, and the Fermi level with
respect to the valence band edge of the emitter is Ef, then
A=AE,—E. A detailed explanation is given in Ref. 8. The
threshold wavelength A, (in wm) is calculated by 1240/A,
where A is in meV. Although the Si barrier is not intention-
ally doped, a slight doping is expected due to dopant migra-
tion from the emitter. These hydrogenic impurities give rise
to a series of transitions leading to photoresponse peaks.]l

The spectral response of the detector was obtained for
normal incidence radiation using a Perkin Elmer System
2000 Fourier transform infrared spectrometer. The calibra-
tion of spectra was performed using an InSb detector in NIR
region, and a Si composite bolometer (from 1 wm and
above).

The NIR response at —1 V bias shows a threshold at
~1.05 pm, which is in accordance with ~1.17 eV bandgap
of Si at 4.6 K, as shown in Fig. 2(a). The two arrows in the
figure mark the position of the ETO and E;O absorption bands
that are due to TO-phonon assisted exciton transitions at the
band edge.12 ETO is observed at 1.21 eV and the separation
between E{° and E}° is less than 2 meV. Hence E5° cannot
be observed clearly in the photoresponse curve. A NIR re-
sponsivity of 0.024 A/W is obtained at 0.8 um with a de-
tectivity of ~1.7 X 10° cm Hz"2/W at 0.8 um under -1 V
bias at 4.6 K.

As shown in Fig. 2(b), the VLWIR response arising from
intraband transitions at 4.6 K is in the range of 5-35 um.
The threshold wavelength observed at —0.5 V bias is 32 um,
and the corresponding value of A=38.7 meV is in good
agreement with the theoretical model."? Arrhenious calcula-
tions based on the dark current also confirm this value of A.
The threshold wavelength increases with the applied bias, as
shown in Fig. 2(b). This is a result of decreasing A with
increasing bias.® The photoresponse shows a strong bias de-
pendence mainly due to field-assisted tunneling of photoex-
cited carriers. At 25 wm responsivity values at —0.5, —1, and
—1.5 V biases are 0.90, 1.78, and 31.0 A/W, respectively.
When the bias is increased further, a rapid improvement of
the photoresponse can be observed, and Fig. 3(a) shows a
responsivity of 157 A/W at 25 um at —2 V bias, which
translates to an efficiency-gain product of 7.8. Highly sensi-
tive NIR detectors with high internal gain have been ob-
served p1revi0usly.14’]5 Applying a high electric field across
the structure enhances the process of impact ionization
within the barrier, introducing a gain into the photocurrent.16
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FIG. 2. (a) NIR response of the detector measured at 4.6 K. The two arrows
mark the position of two TO-phonon assisted absorption bands. (b) VLWIR
response under different bias values at 4.6 K. The curves at —1 and -0.5 V
biases have been multiplied by 10. (c) Spectral response of the detector in
both the NIR and VLWIR regions, measured at 30 K under —1 V bias. The
arrows indicate the positions of impurity transitions of boron in Si (A-D),
and the absorption due to the optical phonon in Si (E).

This type of gain mechanism is possible if the barrier con-
tains impurity atoms. The observation of impurity transition
peaks to be discussed later is evidence for the existence of
impurities in the barrier. Despite the high responsivity ob-
tained at high bias voltages, the optimum detectivity ob-
served is ~1.5X 10'"" cm Hz"2/W at —1 V bias. This is due
to an increase of the noise current with bias. Moreover, Fig.
3(b) shows the variation of the detectivity with temperature
at 25 um under —1 V bias. This behavior of the detectivity
with temperature is typical for most of infrared devices since
the noise current increases with temperature.

The dual-band response has been obtained up to 30 K, as
shown in Fig. 2(c). At —1 V bias and 30 K, the responsivity,
quantum efficiency, and detectivity at 0.8 um are
~0.30 A/W, 46%, and ~6.7X 10% cm Hz'>/W, while at

N

o

o
1

100

(=]

Responsivity (A/W)

10

30 40

D* (cmHZ"2w)
o,
o
sasvod s osned

10 20 30
Temperature (K)

FIG. 3. (a) Responsivity of the detector at 4.6 K under —1.5 and -2 V
biases. The observed responsivity of 157 A/W at 25 um at -2 V indicates
a value of 7.8 for the product of quantum efficiency and gain. (b) Detectivity
at 25 um at different temperatures under —1 V bias.
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FIG. 4. (a) Dark 7V characteristics of the detector at different temperatures.
The 300 K background photocurrent curve at 25 K is also shown. (b) Cal-
culated activation energy (A), and corresponding threshold wavelength (\,)
with bias, based on the Arrhenius model.

25 um they are 1.4 A/W, 7%, and ~3.1 X 10° cm Hz!2/W,
respectively. The quantum efficiency can be improved by
using a multiperiod design and incorporating a resonant
cavity17 into the structure. The sharp peaks (labeled as A-D)
superimposed on the free carrier response become dominant
at 30 K. These peaks can be well fitted with the impurity
transitions of boron in Si. The intensity of the transition in-
creases with temperature18 as the efficiency of the photother-
mal mechanism leading to the excitations increases with
temperature. The enhanced response at 30 K and the vanish-
ing of peak A (30.7 meV) at 4.6 K confirm that the relative
intensity of the impurity peaks increases with temperature.
Merlet et al."! compared the positions of the peaks reported
by several other researchers. In Fig. 2(c), peaks A, B, C, and
D observed at 30.7, 34.4, 38.3, and 39.6 meV have been
previously reported at 30.37, 34.50, 38.38, and 39.63 meV,
respectively, by Merlet et al. The deviation of the energy
values falls within the spectral resolution. A theoretical cal-
culation of acceptor states of Si along with experimental re-
sults have been presented by Onton et al. ' Furthermore, the
small absorption dip around 19 um is due to the optical pho-
non of Si reported at 63 meV (19.6 wm).

The dark current-voltage (IV) characteristics at different
temperatures, and the 300 K background photocurrent mea-
sured at 25 K are shown in Fig. 4(a). The current increases
drastically due to hopping conduction'® beyond a bias of
+1 V (an electric field of 10 kV/cm). Based on the dark and
the photocurrent measurements, performed using a closed
cycle refrigerator with a cold shield at 70 K and under 60°
field of view, the BLIP temperature at +0.9 V is determined
as 25 K. The activation energy (A) was calculated by using
the Arrhenius model, and the variation of the calculated A
and the corresponding A, with bias is shown in Fig. 4(b). The
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calculated \, is in good agreement with the observed thresh-
old in the bias range from —0.75 to 0.75 V. Beyond this re-
gion, the dark current from tunneling dominates the thermal
current, as seen in IV curves, and the Arrhenius model di-
verges, resulting in invalid values for A.

In summary, a Si HIWIP dual-band detector responding
in both NIR and VLWIR regions was reported. The NIR
response can be explained in terms of interband transition in
the undoped Si barrier layer in the structure. The NIR wave-
length threshold corresponds to the band gap of Si. The VL-
WIR response arises due to free carrier absorption and intra-
band transitions within the structure. In addition, the
impurity transitions of boron in Si were confirmed. Good
performance of the detector demonstrates potential for appli-
cations, especially where detection in both the NIR and MIR/
VLWIR regions is required.
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