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Broadband response is pursued in both infrared (IR) and terahertz (THz) detection technologies, which find their
applications in both terrestrial and astronomical realms. Herein, we report an ultrabroadband and multiband IR/
THz detector based on blocked-impurity-band detecting principle. The detectors are prepared by implanting
phosphorus into germanium (Ge:P), where photoresponses with a P impurity band, a self-interstitial defect band,
and a vacancy-P (V-P) pair defect band are realized simultaneously. The response spectra of the detectors show
ultrabroad and dual response bands in a range of 3–28 μm (IR band) and 40–165 μm (THz band), respectively.
Additionally, a tiny mid-IR (MIR) band within 3–4.2 μm is embedded in the IR band. The THz band arises
from the P impurity band, whereas the IR and the MIR bands are ascribed to the two defect bands. At
150 mV and 4.5 K, the peak detectivities of the three bands are obtained as 2.9 × 1012 Jones (at 3.9 μm),
6.8 × 1012 Jones (at 16.3 μm), and 9.9 × 1012 Jones (at 116.5 μm), respectively. The impressive coverage and
sensitivity of the detectors are promising for applications in IR and THz detection technologies. © 2021
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1. INTRODUCTION

Infrared (IR) and terahertz (THz) detection technologies are
highly desirable and intensively explored because of their indis-
pensable applications in astronomical and civil fields [1–8].
The broadband response is insistently pursued by both of them
to increase detecting capabilities and extend the application
fields [1,2]. For instance, broadband detectors are crucial for
the accurate measurement of the atmospheric spectra of carbon
dioxide, water vapor, and other gases from space, which is a
major concern for the climate and weather predictions [9–11].
Besides, multiband detection capability is one of the momen-
tous goals pursued by advanced IR detection systems. Hence,
enhanced target discrimination and identification with lower
false-alarm rates can be achieved, which is greatly beneficial to
target recognition, airborne surveillance, navigational aids, and
so on [12–15]. It is a facile method to realize multiband IR
detection in a sequential mode that combines broadband de-
tectors with optical components such as lenses, prisms, and
gratings [12]. Concerning THz detection, extending the re-
sponse range is extremely promising in deep-space exploration,

health care, security screening, national defense, nondestructive
inspection, and so on [16–21].

IR and THz are contiguous in the electromagnetic
spectrum, and there is a considerable application prospect to
assemble IR and THz detections for the realization of ultra-
broadband IR/THz detectors. Thermal detectors have the
capability to cover such a broadband IR/THz region [22–25].
Unfortunately, these detectors deliver modest performance,
such as low sensitivity and slow response speed, restricting their
application spheres and values [2,26,27]. Blocked-impurity-
band (BIB) detectors are a special type of extrinsic photon de-
tectors with response wavebands commonly within 5–300 μm.
Owing to their high sensitivity, low dark current, and broad
response range, BIB detectors have been widely employed in
astronomical applications [28–31]. The creative development
of an ultrapure blocked layer (BL) between the absorbing layer
(AL) and one of the two contact layers (CLs) makes it feasible
to substantially dope the AL while dark current is deeply sup-
pressed [32,33]. Hereby, an impurity band is formed, reducing
the ionization energy of the dopants and thus broadening the
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response coverage. Recently, plentiful researches have been de-
voted to the development of BIB detectors, most of which were
focused on sensitivity improvement [34–41]. However, the tre-
mendous potential of BIB detectors to achieve ultrabroadband
IR/THz detection is yet to be discovered.

In this work, phosphorus-doped germanium (Ge:P) BIB de-
tectors are fabricated, where the AL is prepared using an ion
implantation technique. Response spectrum measurements re-
veal that the detectors cover an ultrabroadband wavelength
range with dual response wavebands in the IR and THz re-
gions, respectively, which has not been covered by a single pho-
ton detector yet. Conventional BIB detectors cover a single
waveband because only one impurity band is formed to absorb
photons, but herein they are upgraded. Besides the P impurity
for THz detection, two intrinsic defects generated during dop-
ing are also tactfully used for IR detection. Blackbody responses
and dark current-voltage (I-V) characteristics were also mea-
sured sequentially, and the high sensitivity of the detectors is
demonstrated. The detectors are highly significant in numerous
applications.

2. EXPERIMENTAL PROCEDURE

The schematic of the device structure is shown in Fig. 1(a),
including a high-purity Ge substrate, an AL, a BL, two CLs,
and two electrodes. Since Ge:P is n-type, the electrode adjacent
to the BL is positively biased when the detectors work [32]. A
small density of acceptors in the original substrate is supposed
to exist, and thus it also exists in the AL. All of the acceptors are
compensated by the high-density P donors and are ionized in
the AL [32]. Different from the acceptors with fixed sites, the
ionized P donors are mobile due to the hopping conduction
effect in the P impurity band [42]. With the positive bias ap-
plied, the ionized donors are swept out through the AL away
from the AL/BL interface, leaving behind a depletion region as
displayed in Fig. 1(a). Only the photogenerated carriers in the
depletion region contribute to the response signal; thus, a
longer depletion region will bring forth a stronger detector

response [32]. The above is how conventional n-type BIB
detectors work.

The fabrication of the Ge:P BIB detectors is simple and easy,
where several micro-nano fabrication techniques were used.
First, the AL and the CLs were developed in succession by
implanting P ions into the high-purity Ge substrate with differ-
ent doses in respective patterns. In this way, the BL was nat-
urally developed by the substrate. Afterwards, a rapid thermal
annealing technique was implemented at 700°C for 30 s to
make Ge recrystallize and thus repair the implantation damage.
Subsequently, an aluminum (Al) film was deposited using mag-
netron sputtering, followed by a lift-off technique to develop
patterned electrodes. Before all patterned techniques were car-
ried out, corresponding lithographies were utilized. Finally, the
detectors were finished, having a planar structure similar to
those reported previously [37–40,43]. Figure 1(b) presents a
partly false-color scanning electron microscope (SEM) image
of one of the detectors with six interdigital cells, and the inset
shows two magnified interdigital cells where the distribution of
the AL, BL, CL, and electrode is vivid. All of the fabricated
detectors have the same interdigital structure, the same AL
(or BL) width of 550 μm, and the same AL length of 40 μm,
but different BL lengths. The detailed structural parameters of
the detectors are presented in Table 1. Before the performance
characterizations of the detectors, secondary ion mass spectros-
copy (SIMS) of the AL was performed to obtain the detailed
density distribution of P atoms as depicted in Fig. 1(c). With
the depth into Ge surface below 0.3 μm, the P density is nearly
within 4 × 1017–5.5 × 1017 cm−3; as long as the depth is below
0.5 μm, the donor density remains above 1 × 1017 cm−3.

To characterize the detectors, all of them were packaged and
mounted into a continuous-flow liquid helium dewar with a
sensitive temperature controller. The photoresponse spectra
were measured using a Fourier transform infrared (FTIR) spec-
trometer (Bruker VERTEX 80v) with a vacuum cavity. The
blackbody responses were measured utilizing a standard cavity
blackbody at 1000 K (Infrared System, IR564/301). The mea-
surement setups for the response spectra and the blackbody re-
sponses are displayed in the following section. The dark I-V
characteristics were measured with a semiconductor parameter
analyzer (Keithley 6517B) under dark condition. Without a
specific statement, the above characterizations of the detectors
were performed at 4.5 K.

3. RESULTS AND DISCUSSION

The measurement setup for the photoresponse spectra of the
detectors includes a global illuminant, the FTIR spectrometer,
a continuous-flow liquid helium (LHe) dewar with a sensitive
temperature controller, and a low-noise current amplifier
(SR570). The schematic of the measurement setup is shown

Fig. 1. (a) Schematic for the Ge:P BIB detectors. (b) Partly false-
color SEM image for a unit of the detectors; inset: two magnified
interdigital cells. (c) The density profile of P atoms in the AL, which
was obtained by SIMS measurement.

Table 1. Structural Parameters of the Fabricated
Detectors

No. AL Length BL Length AL & BL Width

#1 40 μm 25 μm 550 μm
#2 21 μm
#3 17 μm
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in Fig. 2. The detectors are packaged and mounted in the dewar
beforehand, which is then pumped into the vacuum by a
pump I. LHe is used for refrigeration, ensuring that the oper-
ating temperature of the detectors is low enough. Since the
dewar is a vacuum, no freezing occurs after the refrigeration.
The dewar is connected with the temperature controller, such
that the operating temperature is accurately adjustable. In order
to eliminate the influence from air molecules, all space where
light travels is sealed and pumped into the vacuum by pump II
as shown in Fig. 2. The following is the measurement process.
Light, including IR and THz wavebands, is emitted from the
global illuminant and incident into the FTIR spectrometer, the
emittance versus wavelength of which can be found in
Ref. [44]. The spectrometer is controlled by a computer on
which the spectroscopic software OPUS is installed. After re-
lease by the spectrometer, the light travels through the dewar
window and is incident onto the detectors, and therein the elec-
trical signals occur. Sequentially, the signals are amplified by the
amplifier and then read out by the computer. In this way, the
response spectra of the detectors are obtained. Since there is no
beam splitter or window that could cover a consecutive
wavelength range of 3–180 μm, two wavebands, 3–27 μm and
15–180 μm, are measured in succession by altering the beam
splitters in the FTIR spectrometer and the windows on the
dewar. The background spectra of the two wavebands (i.e., the
photon-energy distributions of the respective measurement set-
ups) are also measured with different standard detectors.

The method for obtaining an overall response spectrum is as
follows. The response photocurrent spectra in the two wave-
bands are measured first, and then both of them are normalized
by respective background spectra for background correction.
Referred to the overlapped wavelength band of the two wave-
bands, an overall response spectrum is attained by stitching the
two spectra. All response spectra thereinafter are acquired uti-
lizing the above method. The overall response spectra of detec-
tors #1 and #2 at 4.5 K are shown in Figs. 3(a) and 3(b),
respectively. All of the spectra show ultrabroadband and multi-
band IR/THz responses. The IR and THz response bands
range in 3–28 μm and 40–165 μm, with peaks at 16.3 μm
and 116.5 μm, respectively. Although there are several valleys
in the IR band, located at 9.5, 12.5, 19.0 μm, and so on, the
coverage of this waveband is still extremely broad because these
valleys are very narrow. Compared with common multiband IR
detectors developed by such detecting systems as HgCdTe pho-
todiodes, quantum-well IR photodetectors (QWIPs), quantum
dot IR photodetectors (QDIPs), and type-II strained-layer
superlattice (T2SLS) photodiodes, the coverage advantage

for our detectors is evident [45–48]. Most of the abovemen-
tioned detectors are cut off at below 15 μm, and going after
broader coverage badly reduces their sensitivity, increasing the
production cost [49]. The THz response band of the detectors
extends to a longer wavelength than unstressed gallium-doped
Ge (Ge:Ga) BIB detectors, the most widespread Ge-based
ones in the astronomical survey [50]. Moreover, the dual re-
sponse bands of the fabricated detectors almost cover those
of unstressed Ge:Ga and arsenic-doped silicon (Si:As) BIB de-
tectors entirely, both of which were equipped by the Spizer
Space Infrared Telescope presided by the National Aeronautics
and Space Administration (NASA) [51]. Consequently, there
occurs a possible method to reduce the size and the bur-
den of space telescopes by promoting the application of our
detectors.

It is easily understood that the THz band arises from the
P impurity band. Herein, the peak of 116.5 μm corresponds
to lower energy than the ionization energy of P in Ge
(i.e., 12 meV), as the P impurity band narrows the Ge bandgap.
Similar to the Si:P detector in Ref. [52], the small peaks at
150 μm and 138 μm may be related to the transitions of
the P atoms from 1S to 2P0, and from 1S to 2P�, respectively.
The appearance of the IR band is a pleasant surprise, and it is
worth exploring the origin of the IR band. As shown in
Figs. 3(a) and 3(b), all spectra display strong bias dependences,
while the IR and THz bands show different behaviors when
bias is high enough. To study this phenomenon further, the
peak intensities of the two bands and their ratio versus bias
are plotted in Figs. 3(c) and 3(d). For both of the two detectors,
as bias increases, the peak intensity of the IR band increases
steadily within the measured range, while that of the THz band
increases at first and then tends to saturate. The ratio of the
peak intensities changes slightly before saturation for both
of the detectors. With the above saturation bias, a number
of P atoms in the P impurity band are electrically ionized be-
cause of the large electric field in the depletion region. In this
case, a longer depletion region induced by increasing bias can-
not bring forth a stronger response for the THz band, and
hence a saturation occurs. Since the voltage drop in the BLs is
proportional to the BL lengths for BIB detectors, detector #1
attains higher saturation bias as displayed in Figs. 3(c) and 3(d)
[32]. No saturation observed in the IR band results from higher
ionization energy than that of the THz band, which prevents
much electrical ionization within the measured bias range. The
above descriptions indicate that the IR band is not related to
the P impurity band. It needs sufficient attention that the IR
peak intensity is almost linearly dependent on the bias, as
shown in Figs. 3(c) and 3(d), denoting that the IR response
is also photoconductive in nature. Therefore, it is greatly rea-
sonable to infer that the broad IR band arises from a donor
band independent of the P impurity one.

Self-interstitial is one of the intrinsic defects in Ge, which
has attracted worldwide scientific attention for more than two
decades [53–56]. The self-interstitial defect of Ge is identified
to be a donor, but there exists a significant divergence of the
donor level. The ionization energy of the self-interstitial defect
was successively reported to be 0.04 and 0.12 eV [53,54].
Besides, the self-interstitial defect was declared to be a doubleFig. 2. Schematic of the measurement setup for response spectra.
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donor with two ionization energies more than once, which
are 0.05 and 0.12 eV, or 0.08 and 0.24 eV [54,55]. Other
defect levels in Ge were also found, located at 0.07 eV and
0.1 eV below the bottom of the conduction band
(i.e., Ec − 0.07 eV and Ec − 0.1 eV), respectively, which may
be also related to the self-interstitial defect [57,58]. Almost all
of the above ionization energies are embraced by the IR re-
sponse; consequently, it is legitimately deduced that the origin
of the IR band is the self-interstitial defect of Ge. The self-
interstitial defects were spawned with a high density during
the ion implantation and then electrically activated in the
annealing, developing a self-interstitial defect band in the AL.
The appearance of the valleys in the IR band is possibly due to
multi-levels of the self-interstitial defects, which also give rise to
the broadband property.

Interestingly, there is a tiny mid-IR (MIR) waveband in all
spectra, ranging from 3 to 4.2 μmwith a peak of 3.9 μm, which
shows different bias dependence from the IR band and thus has
a different origin. The peak intensities of the MIR band versus

the bias of the two detectors are presented in Fig. 3(e), both of
which linearly increase and then decline with the rising bias.
Vacancy is also an important intrinsic defect in Ge and can
be generated at the same time as the self-interstitial defect
[53]. An isolated vacancy tends to be incorporated with a P
atom such that a complex of vacancy-P (V-P) pair comes into
being, which is also known as an E center [59–61]. It was re-
ported that the V-P pair defect is with two defect levels, that is,
a donor one at Ec − 0.293 eV and an acceptor one at 0.348 eV
above the top of the valence band (i.e., Ev � 0.348 eV), re-
spectively [59]. Both of the ionization energies for the two
defect levels are close to the energy of the MIR band peak
(i.e., at 3.9 μm, 0.318 eV). Since the detectors are n-type,
the donor level of the V-P pair defect is more likely to be con-
nected with the MIR band. Similar to the self-interstitial defect,
a mass of vacancies was generated during the ion implantation,
and thereby the followed annealing produced a V-P pair defect
band. By the way, it was declared that the formation of one V-P
pair results in the removal of at least two electrons from the

Fig. 3. Response spectra of detectors (a) #1 and (b) #2 at different biases and 4.5 K. (c) and (d) Peak intensities of the two bands and their ratio
versus bias for the spectra in (a) and (b), respectively, where Rp represents the peak intensity, Rp�IR�∕Rp�THz� represents the ratio of IR peak
intensity to THz one. (e) Peak intensities of the tiny MIR band versus bias of the two detectors. (f ) Energy band diagram for the Ge:P BIB detectors
to reveal the origin of the ultra-broadband multiband IR/THz response, where CB and VB represent conduction and valence bands respectively,
D� and A− represent ionized donors and ionized acceptors before IR/THz irradiation respectively, and solid and hollow spheres
represent photo-generated electrons and holes respectively.
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conduction band in n-type Ge, which was thought to be
responsible for n → p conversion of the conductivity type in
Ge upon electron or γ irradiation at room temperature [59].
The Ge:P ALs of our detectors were also observed to be turned
from n- to p-type in room-temperature Hall effect measure-
ments with annealing temperature ranging from 700°C to
750°C. This phenomenon forcefully demonstrates the exist-
ence of V-P pairs in the ALs, and it is inferred that the
annealing condition governs the self-interstitial and the V-P
pair densities. According to the above descriptions, the gener-
ation mechanism for the ultrabroadband response, including
the THz, the IR, and the MIR bands, is sketched in
Fig. 3(f ). With the detectors biased, all of the ionized donors
are swept out for the bands of the P impurity, the self-interstitial
defect, and the V-P pair defect, and thus the three response
bands possess the same operating principle.

The IR response band was further studied under higher
biases as well as operating temperatures, using detector #3.
Figure 4(a) shows the response spectra of the detector at differ-
ent biases and 4.5 K. In the spectra at 100 mV and 150 mV, the
THz band nearly reaches the same intensity, which means that
the detector attains a lower saturation bias than the other two
detectors, as expected. For this reason, the THz band is left out
for all of the spectra with above 150 mV biases in Fig. 4(a).
However, no saturation occurs yet in the IR band within
the measured range. The peak intensity of the IR band versus
bias is plotted in Fig. 4(b), where the peak intensity linearly
increases with bias rise, which follows the results in Figs. 3(c)
and 3(d). These linear increases are rooted in the ionization
gain caused by electron acceleration in the electric field. The
rise in response at the shortest wavelength in Fig. 4(a) is

possibly from impact ionization, because it increases with biased
voltage. The tiny MIR band was also further studied, and the
magnified spectra within 3–4.2 μm for all biases are displayed
in the inset of Fig. 4(a). The peak intensity of the MIR band
decreases as bias rises from 100 to 150 mV, such that within
the measured range, the peak intensity of the MIR band always
shows a downtrend with enough high biased voltage. With the
further rise of bias, however, the MIR band gradually drowns,
which is understood thereinafter. As described above, the MIR
band arises from the V-P pair defects, and when bias is high
enough, the V-P pair could be broken down into the vacancy
defect and the P impurity under a large electric field. In this
case, the MIR band disappears, yet the background response
in this range is persistently enhanced with a rise in bias, as the
whole IR response is [32]. The response spectra for the IR band
at different temperatures and 400 mV of the detector are given
in Fig. 4(c), and the corresponding peak intensity versus tem-
perature is plotted in Fig. 4(d). With rise in temperature, the
response persistently weakens because of the increase in thermal
ionization. Nevertheless, the peak intensity at 14 K still reaches
a third of that at 4.5 K, indicating that our devices possess good
temperature applicability for IR detection.

The measurement setup for the blackbody responses con-
tains the standard cavity blackbody, a chopper (SR540), a
lock-in amplifier (SR830), the same dewar, and the same
low-noise current amplifier (SR570) as those for the spectrum
measurements. The schematic of the measurement setup is
shown in Fig. 5. The refrigeration process is the same as that
in the spectrum measurements, and besides, all space where
light travels is sealed and pumped into vacuum as well.
Light is emitted from the standard cavity blackbody and travels

Fig. 4. (a) Response spectra of detector #3 at different biases and 4.5 K, where the THz response band is left out for all of the spectra with above-
150 mV biases since the intensity of this band already saturates; inset: magnified spectra within 3–4.2 μm for all biases. (b) Peak intensity of the IR
band versus bias for the spectra in (a). (c) Response spectra at different temperatures and 400 mV of detector #3. (d) Peak intensity of the IR band
versus temperature for the spectra in (c).
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through a high-density polyethylene (HDPE) window, which is
a low-pass filter to block IR radiation with photon energy above
the bandgap threshold for the Ge substrate. Before becoming
incident onto the detectors, the light is chopped with a fre-
quency of 25 Hz. The electrical signals from the detectors
are amplified by SR570 and SR830 successively and then read
out by a computer. Finally, the blackbody responses of the
detectors are also obtained.

In order to characterize the sensitivity of the fabricated de-
tectors, the blackbody responses and the dark I-V characteristics
were successively carried out. Light travels through the HDPE
window before becoming incident onto the detectors, ensuring
that the intrinsic response of the Ge substrate was eliminated.
However, the IR response band would be also tailored by the
HDPE window, and therefore, a new relative response spec-
trum is required to accurately calculate the spectral responsivity
(Rλ) of the detectors. Detector #1 was thus measured using the
FTIR spectrometer equipped with the HDPE window at 4.5 K
and 150 mV. The normalized relative response spectrum is
shown in Fig. 6(a), whose shorter 100% cutoff wavelength

is about 15 μm. Through two spectra of the relative response
and the blackbody emission, the G factor [i.e., the ratio of
blackbody responsivity (Rbb) to peak responsivity (Rp)] is cal-
culated to be 0.236.

The blackbody responsivities versus bias at different temper-
atures for the three detectors are presented in Figs. 6(b)–6(d).
The blackbody responsivities are calculated through the follow-
ing equation [62]:

Rbb �
2

ffiffiffi
2

p
πL2I pc

σ�T 4
b − T

4
d �AbAd

, (1)

where L � 13 cm is the distance from the measured detectors
to the blackbody exit, Ipc is the measured photocurrent,
σ � 5.67 × 10−12 W∕�cm2 · K4� is the Stefan–Boltzmann
constant, T b � 1000 K is the blackbody temperature, T d �
300 K is the background temperature, Ab � 5.1mm2, and
Ad � 6 × 40 × 550 μm2 is the effective absorbing area. With
the rising bias, blackbody responsivities steadily increase. An
obvious asymmetry is observed in all of the curves, where
higher blackbody responsivity is achieved at positive bias.
Taking the curve of detector #1 at 4.5 K as an example, the
blackbody responsivity reaches 1.7 A/W at 150 mV, yet be-
comes 0.95 A/W at −150 mV, where nearly a half is reduced
with the bias reverse. The asymmetry property directly reflects
the blocking effect of the BL on the impurity and defect bands,
which contributes to improving the performance of the detec-
tors. Peak responsivities can be calculated by dividing the G
factor into the blackbody responsivities for the detectors,
and thus spectral responsivities for the total response range
are calibrated. Herein, the peak represents the one with the
highest intensity in the relative response spectrum shown in
Fig. 6(a), i.e., the 116.5 μm one. For detector #1 at 4.5 K

Fig. 5. Schematic of the measurement setup for blackbody
responses.

Fig. 6. (a) Relative response spectrum of detector #1 measured at 4.5 K and 150 mV, where the HDPE window was used as a low-pass filter.
(b)–(d) Blackbody responsivities versus bias at different temperatures for the three detectors, respectively. (e) Dark I-V characteristics for the three
detectors at 4.5 K.
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and 150 mV, the responsivities at 116.5 μm (the THz band
peak), 16.3 μm (the IR band peak), and 3.9 μm (the MIR band
peak) are 7.2 A/W, 5 A/W, and 2.1 A/W, respectively, referred
to the corresponding response spectrum in Fig. 3(a).

The dark I-V curves for the three detectors are shown in
Fig. 6(e), where the dark current is evidently suppressed by
lengthening the BL. All of the curves contain a saltation bias,
at which the dark current explodes as bias rises, and besides, the
saltation bias increases with the BL length. Since the working
temperature of the detectors is very low, the thermal noise could
be ignored, and the total noise is dominated by the shot noise,
which can be expressed as [32]

i2N � 2qI darkΔf , (2)

where q is the electric charge, I dark is the dark current, and Δf
is the signal bandwidth. Therefore, the spectral detectivity (D�)
is given by [62]

D� � Rλffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2qI darkΔf

p
ffiffiffiffiffiffiffiffiffiffiffiffi
AdΔf

p
: (3)

Referred to Eq. (3), the sensitivity performance for the three re-
sponse bands is appraised precisely. At 150 mV and 4.5 K, the
detectivities at 116.5, 16.3, and 3.9 μm are calculated to be
9.9 × 1012 Jones (i.e., cm ·Hz1∕2∕W), 6.8 × 1012 Jones, and
2.9 × 1012 Jones, respectively. Additionally, the noise equivalent
power (NEP) is also a common parameter to characterize the
sensitivity for THz detectors, which can be calculated by

NEP �
ffiffiffiffiffiffi
Ad

p

D� : (4)

Hereby, the NEP of detector #1 at 116.5 μm is obtained to be
3.6 × 10−15 W∕Hz1∕2. Table 2 lists performance for

some common types of multiband (or broadband) IR or THz
detectors to evaluate our detectors. For both IR and THz bands,
our detector almost possesses the broadest coverages and the
highest sensitivities among these detectors except the
Si:As BIB one, whose detectivity reaches above 1013 Jones ex-
perimentally and up to 1014 Jones theoretically [63,64].
However, the operating temperature of our detector is lower than
most of these detectors, limited by the operating principle of BIB
detectors [32]. Besides, our detector is spatially nonuniform with
respect to the incoming beam because of the interdigital struc-
ture, which will lowers the fill factor when applied to focal plane
arrays (FPAs). Nevertheless, every cell detector of the interdigi-
tated structure has the same detectivity as the detector, such that
the fill factor can be improved by adopting noninterdigital struc-
ture. Therefore, the Ge:P BIB detectors with ultrabroadband and
multiband response characteristics have a bright prospect in IR
and THz detection applications.

4. CONCLUSION

We have fabricated Ge:P BIB detectors with a planar structure
by implanting P ions into high-purity Ge. The detectors show
ultrabroadband and multiband response, whose response spec-
tra cover two primary IR/THz bands ranging in 3–28 μm and
40–165 μm, respectively. Besides, there is a tiny MIR band
observed within 3–4.2 μm. The MIR, the IR, and the THz
bands arise from the V-P pair defect, the self-interstitial defect,
and the P impurity bands, respectively. Blackbody responses
and dark I-V characteristics were also measured to characterize
the device sensitivity. For detector #1 at 150 mV and 4.5 K, the
peak detectivities of the three bands were calculated to be
2.9 × 1012 Jones (at 3.9 μm), 6.8 × 1012 Jones (at 16.3 μm),

Table 2. Performance for Some Common Types of Multiband (or Broadband) IR or THz Detectors

Types Temperature (K) Response Range (μm) D� (Jones) or NEP (W∕Hz1∕2)

Ge:P BIB detector (#1) 4.5

3–4.2 D� � 2.9 × 1012 (at 3.9 μm)
4.2–28 D� � 6.8 × 1012 (at 16.3 μm)

40–165 D� � 9.9 × 1012 (at 116.5 μm)
or NEP � 3.6 × 10−15

HgCdTe photodiode [45] 78 3–5 D� � 6 × 1011 (at 4.7 μm)
8–10 D� � 3 × 1011 (at 8.7 μm)

QWIP [46] 40

4–6 D� ∼ 4 × 1011 (at 5 μm)
8.5–10 D� ∼ 3 × 1011 (at 9 μm)
10–12 D� ∼ 3 × 1011 (at 11 μm)
13–15 D� ∼ 3 × 1011 (at 14 μm)

T2SLS photodiode [47] 77 <9.5 D� ∼ 5 × 1011 (at 7.9 μm)
<13 D� ∼ 1 × 1011 (at 10.2 μm)

QDIP [48] 78 3–6 D� � 7.1 × 1010 (at 5 μm)
5–11 D� � 2.6 × 1010 (at 10 μm)

InSb/HgCdTe photodiode [65] 77 1–5.5 D� � 1 × 1011 (at 5 μm)
5.5–12.5 D� � 3 × 1010 (at 11 μm)

Si:As BIB detector ≤12 (in theory) [63] –– D� ∼ 1014 (15 μm)
5 (in experiment) [64] 2–37 D� � 5.2 × 1013 (23.8 μm)

QWIP for THz [66] 10 26–100 D� � 5 × 107 (at 84 μm)

QDIP for THz [67] 4.6 20–75 D� ∼ 108 (at 50 μm)

Hot-electron bolometer [68] 5 IR and THz range NEP � 3.3 × 10−14
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and 9.9 × 1012 Jones (at 116.5 μm), respectively. Both the
coverage and the sensitivity of our detectors are top ranked
compared with common types of multiband (or broadband)
IR or THz detectors. The ultrabroadband and multiband de-
tectors possess significant potential applications in IR and THz
detection technologies.
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