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ABSTRACT: In recent years, there has been increasing interest in leveraging
two-dimensional (2D) van der Waals (vdW) crystals for infrared (IR)
photodetection, exploiting their unusual optoelectrical properties. Some 2D
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vdW materials with small band gap energies such as graphene and black $$¢$9¢9¢4¢¢¢
phosphorus have been explored as stand-alone IR responsive layers in YTTYYYSi A

photodetectors. However, the devices incorporating these IR-sensitive 2D layers
often exhibited poor performances owing to their preparation issues such as 006 pre—
limited scalability and air instability. Herein, we explored wafer-scale 2D platinum {
ditelluride (PtTe,) layers for near-to-mid IR photodetection by directly growing
them onto silicon (Si) wafers. 2D PtTe,/Si heterojunctions exhibited wavelength-
and intensity-dependent high photocurrents in a spectral range of ~1—7 um,
significantly outperforming stand-alone 2D PtTe, layers. The observed o ¥l s EEXNTRRER
superiority is attributed to their excellent Schottky junction characteristics

accompanying suppressed carrier recombination as well as optical absorbance

competition between 2D PtTe, layers and Si. The direct and scalable growth of 2D PtTe, layers was further extended to demonstrate
mechanically flexible IR photodetectors.
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B INTRODUCTION

Mid-infrared (MIR) radiation spans a vital part of the
electromagnetic spectrum with special emphasis on spectro-

noise, eliminating the strict requirement of device cooling.
Some proof-of-concept methods utilizing graphene and 2D
transition metal dichalcogenides (TMDs) have been demon-
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scopic applications employed for chemical analysis, military
surveillance, and night vision." The MIR-responsive active
layers in current photodetectors are mostly based on thin-film
or bulk materials composed of conventional three-dimensional
(3D) compound semiconductors, for example, mercury
cadmium telluride (MCT, HgCdTe alloys),” indium anti-
monide (InSb),> and their quantum-wells of complex
structures and compositions.* However, their fabrication for
MIR photodetectors to achieve desired performances are
generally non-trivial. For instance, highly costly and
sophisticated techniques (e.g, molecular beam epitaxy) are
required to grow high-quality crystals, often entailing special
conditions (e.g., cooling) for device operation.” Recently, two-
dimensional (2D) materials have emerged as promising
building blocks to alleviate these limitations owing to their
rich set of unique properties; that is, tunable band gap energies
covering a broad range of spectrum into MIR,®’ thickness-
dependent tunable optical absorption,” '* decently high carrier
mobility,'"'* and relaxed assembly requirement benefiting
from their weak van der Waals (vdW) bonding."*'* Addition-
ally, the ultra-thin nature of 2D materials enables a low thermal
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strated for photodetection in the MIR regime and
beyond."">~'® However, despite their intrinsic property
advantages, these 2D materials are often limited to be
employed as “stand-alone” active layers in MIR applications
owing to their preparation issues. For example, while black
phosphorus (BP) exhibits a small band gap energy of ~0.3 eV
and a high carrier mobility of ~1000 cm* V™! s7! attractive for
MIR detection, its poor air stability significantly limits resulting
detection performance and reliability. Large-area graphene
grown by a high temperature chemical vapor deposition
(CVD) method generally requires an additional step of
mechanical transfer and integration, severely limiting its
process scalability. Similarly, conventional 2D TMD layers
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Figure 1. (a) Schematic illustration of a 2D PtTe,/Si heterojunction device and its proposed working principle. (b) Camera image of a fabricated
2D PtTe,/Si device. (c) XPS spectra of Pt 4f (left) and Te 3d (right) core levels obtained from 2D PtTe, layers grown on a Si wafer. (d) HR-
STEM image demonstrating the poly-crystallinity of 2D PtTe, layers. (e) Bright-field HR-STEM revealing moiré fringes from two adjacent 2D
layer grains. (f) Cross-sectional HR-STEM image of 2D PtTe, multilayers, showing an interlayer vdW gap spacing of ~5.22 A.

employing refractory metals [e.g, molybdenum (Mo) or
tungsten (W)] exhibit band gap energies matching the visible
spectrum range and thus are less suitable for MIR detection
compared to BP or graphene. Recently, there has been growing
interest in “noble metals”-based 2D TMD layers which offer
unparalleled properties such as small band gap energies
matching the MIR range, low growth temperature, and high
carrier mobility. Particularly, 2D platinum ditelluride (2D
PtTe,) layers exhibit ideal combination of various essential
properties such as an extremely high electrical conductivity of
>10° S/m'*™** and a layer-number-dependent transition to a
gapless metallic state.'>*>** A variety of preparation methods
have been explored,”***® which have generally yielded
randomly oriented small-sized 2D PtTe, flakes. A recently
developed CVD method employing a thermal tellurization of
Pt thin films enables their direct and deterministic growth on
“wafer-scale” substrates even at a relatively low temperature of
400 °C.2%**?7?% This combined advantage of relaxed
preparation requirement and superior material properties
projects unprecedented opportunities of 2D PtTe, layers for
MIR detection, which has remained largely unexplored till
now.

Herein, we explore a new form of broadband MIR
photodetectors by coupling 2D vdW-bonded PtTe, layers
with 3D covalently bonded Si wafers through a CVD method.
Even though stand-alone 2D PtTe, layers as well as Si wafers
are not strongly MIR-sensitive, 2D PtTe,/Si heterojunctions
are observed to exhibit a significant amount of photoexcited
carriers under MIR illumination measured up to ~7 um in
wavelength. The underlying working principle of these 2D /3D
MIR photodetectors is discussed in the context of Schottky
junction characteristics enabled by ultra-thin metallic 2D PtTe,
layers interfaced with semiconducting Si as well as their optical
absorbance competition.

Bl RESULTS AND DISCUSSION

2D PtTe,/Si MIR photodetectors are fabricated by a direct
CVD growth of “wafer-scale” 2D PtTe, layers on top of p-type
Si (1-5 Q cm) wafers with pre-patterned SiO, areas. The

growth is performed at 400 °C by thermal tellurization of Pt
seed films pre-deposited on the wafers. On the top side of the
devices, 2D PtTe,/Si areas function as active layers responsive
to MIR illumination and 2D PtTe,/SiO, areas are connected
to the top gold (Au) electrodes. The back side of the Si wafers
is connected to the bottom Au electrodes, ensuring the vertical
2D/3D heterojunction for electrical measurements. Details for
the CVD growth of 2D PtTe, layers and device fabrication
steps are introduced in the Method section. Figure 1a presents
a schematic illustration of a 2D PtTe,/Si MIR photodetector
showing essential device components. Stand-alone 2D PtTe,
layers are known to generate weak ghotocarriers upon IR
illumination as previously reported,”” while their carrier
recombination significantly limits resulting IR responsivity,
that is, ~20 uA/W under an illumination of 1.5 um
wavelength.”” In the current approach, the 2D PtTe,/Si
heterojunction (red box in Figure 1a) imposes a strong built-in
potential due to its Schottky characteristics, that is, metallic 2D
PtTe, layers/semiconducting Si. A presence of this intrinsic
Schottky junction facilitates efficient photocarrier separation
and collection leading to improved MIR responsivity—to be
verified in the next section. Figure 1b presents a camera image
of a fabricated 2D PtTe,/Si device with an active junction area
of 0.5 cm? comparable to the schematic presented in Figure
la. X-ray photoelectron spectroscopy (XPS) was employed to
confirm the successful growth of 2D PtTe, layers on top of Si
wafers. The XPS spectra in Figure lc reveal core-energy level
peaks of Pt 4f at 72.4 and 75.7 eV corresponding to 4f,/, and
4f;,,, respectively, which is fullgf consistent with the previous
reports on 2D PtTe, layers.”**" Also, Te 3d core-energy level
peaks corresponding to the Te(IV) oxidation state appear at
576 and 586.3 eV, as well as additional peaks of Te(0)
appearing at 573.3 and 583.4 eV. This observation is also
consistent with previous studies,*>" further confirming the
successful CVD growth of 2D PtTe, layers. Scanning
transmission electron microscopy (STEM) was employed to
identify the atomic structure of as-grown 2D PtTe, layers.
Figure 1d presents a dark-field high-resolution STEM (HR-
STEM) image of large-area 2D PtTe, layers, confirming their
poly-crystalline structure manifested by well-defined crystalline
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Figure 2. (a) Plot of optical transmittance (red) vs electrical conductivity (blue) for 2D PtTe, layers prepared with varying Pt thickness values. (b)
I-V curve in dark and its corresponding semilog plot (inset) denoting an ideality factor of ~1.08. (c) Temporal photo-response of the same device
in (b) under 1.5 ym illumination. (d) Illumination wavelength-dependent responsivity.

grains and their boundaries. Figure 1e shows an enlarged plane
view of two adjacent grains in a bright field mode, revealing the
presence of moiré fringes, which indicates vertical stacking of
individual 2D layers of misaligned orientations. Figure 1f
displays a cross-sectional HR-STEM image to visualize the
vertical stacking of horizontally aligned individual 2D PtTe,
layers with a well-resolved vdW gap spacing of ~522 A
corresponding to the (001) plane of a hexagonal 1T-PtTe,
layered crystal.”>*® The red box illustrates the atomic structure
model of 2D PtTe, layers, showing that each Te—Pt—Te layer
comprises an edge-connected octahedral configuration, as
verified in our previous studies.”’

Figure 2 presents key electrical and optical properties of 2D
PtTe, layers as well as photodetection performances of 2D
PtTe,/Si heterojunction devices. Figure 2a presents the
variation of optical transmittance and electrical conductivity
of 2D PtTe, layers measured by an ultraviolet—visible (UV—
vis) spectroscopy and a probe station, respectively. The plot
reveals decreasing optical transmittance and increasing
electrical conductivity with an increase of Pt seed thickness.
Notably, 2D PtTe, layers are highly metallic, as confirmed in
our previous studies,”® reaching a high electrical conductivity
of ~10° S/m.*° We then explored intrinsic transport
characteristics of 2D PtTe,/Si devices and their photo-
responsiveness under illumination. Figure 2b represents a
two-terminal current—voltage (I-V) curve obtained from a
representative device prepared with Pt of ~4.5 nm thickness.
Highly asymmetric I—V characteristics are observed in dark,
yielding a large rectification ratio of ~10* defined at + 2 V.
This strong rectification originates from a Schottky junction
enabled by metallic 2D PtTe, layers interfaced with a
semiconducting Si, as previously clarified.”® We further
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analyzed the I-V characteristics by employing a thermionic
emission transport model. Within a forward bias regime of V >
~3kT/q, the current transport through a Schottky diode can be
expressed as following.”

I~ I() eV—IRs/nkT/q

(1)

2)

where n, V, R, k, T, q, A, A**, and ®y are the device ideality
factor, bias voltage, series resistance, Boltzmann’s constant,
temperature, elementary charge, device active area, Richard-
son’s constant, and Schottky barrier height, respectively.
Excellent agreement is observed between the experimental
versus modeled -V characteristics with the @z ~ 0.84 eV.
The inset shows the corresponding semilog plot where a device
ideality factor of ~1.08 is extracted from the linear fit (red
dotted line) in the forward bias regime. This ideality factor
being close to unity combined with the large rectification ratio
indicates a high quality of the Schottky junction (i.e., minimal
trap-assisted recombination in the depletion region). The
photo-responsiveness of the device was first investigated at the
near-infrared (NIR) regime ranging ~1.1—1.9 ym in wave-
length. Figure 2c presents temporal photo-response obtained
from the same device under a periodic NIR illumination of 1.5
pum in wavelength. The results confirm a significant generation
of NIR-excited photocarriers, measured at a constant bias of
—2 V under 0.1 mW/cm’ intensity. One of the key
performance metrics for photodetection is responsivity,
which is defined as the ratio of the photocurrent to the
optical power of incident radiation.”® Figure 2d presents a plot
of responsivity versus illumination wavelength in the NIR
range of ~1.1-1.9 um. The responsivity initially decreases

I, &~ A-A**T? ¢~ ®o/kT
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Figure 3. (a) Plot of MIR photocurrent measured using 900 °C-calibrated blackbody radiation filtered with Ge as an illumination source. (b)
Spectral irradiance of the blackbody obtained from a band-pass filter in a center wavelength range of 2—7 pm, estimated using the Planck radiation
formula. The inset displays the calculated optical power obtained by integrating the area under the respective blue curves at each wavelength. (c)
Photocurrents measured with illumination of varying wavelengths. (d) Illumination wavelength-dependent specific detectivity. All measurements
were conducted at room temperature 300 K using a constant bias of —0.6 V.

after ~1.1 pm, gossibly due to the significant absorbance
reduction in Si,>>** and then it becomes nearly saturated
beyond that wavelength. Interestingly, the responsivity is
observed to be significantly larger than the values previously
observed with stand-alone 2D PtTe, layers in the similar
wavelength range; for instance, at a wavelength of 1.5 yum, the
responsivity for the 2D PtTe,/Si device is observed to be ~13
mA/W. This value is approximately 1000 times larger than that
from stand-alone 2D PtTe, layers at the same wavelength®
despite the significantly larger (>10' times) active area of the
device. 2D materials can absorb IR radiation in a wide range of
wavelengths through interband and/or intersubband transi-
tions,”>”° while precise electronic structures and transition
mechanisms of 2D PtTe, layers need to be further investigated.

Photoexcited carriers can give rise to photocurrent if they
are energetically positioned to overcome the Schottky barrier
via thermionic or thermionic-field emission (typically, reverse-
biased operation). The achievable cutoff wavelength of our 2D
PtTe,/Si Schottky diode is then predominantly determined by
the height of the potential barrier. Analysis of the I-V
characteristics (Figure 2b) reveals the presence of a Schottky
junction with an appropriate barrier height enabling the device
to generate photoexcited carriers even at longer wavelengths.
Furthermore, a band structure diagram of the 2D PtTe,/Si
Schottky junction is proposed in the Supporting Information,
Figure S1.

Figure 3a shows a representative plot of the temporal
photocurrent measurement carried out by illuminating the
device with MIR radiation with the photon wavelength longer
than 2 pm. The radiation was provided by a calibrated

blackbody heated at 900 °C, which was then filtered through
germanium (Ge) that only allowed mid- to long-IR radiation
to pass through. A distinct increase in the photocurrent
suggests that our device is indeed responsive in the thermal IR
regimes. To further identify the photo-response characteristics,
spectral photocurrent measurements were then carried out by
replacing the Ge filter with various Fabry—Perot band-pass
filters having a center wavelength in the ~2—7 pm range, as
shown in Figure 3b. Interestingly, an appreciable photocurrent
was observed up to 7 pm even at room temperature (Figure
3c), although a large number of thermal carriers present at 300
K are expected to annihilate photogenerated carriers through
the Auger recombination process, which typically necessitates
device cooling.*”** The quality of a photodetector is evaluated
with specific detectivity, D*, a performance parameter defined
by

RJAAf

I, ©)

D* =

where A, Af, I, and R are the device area, detection
bandwidth, noise current, and responsivity, respectively.”
Here, the optical power of the incident radiation for each
specific filter was calculated based on the spectral irradiance of
the calibrated blackbody estimated from the Planck radiation
formula expressed as follows

2
a
P=AW —-t
s (4)
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Figure 4. (a) FTIR absorbance spectra of a bare Si wafer (red) and 2D PtTe, layers integrated on a glass (blue). (b) FTIR absorbance spectrum of
a 2D PtTe,/Si device and the corresponding characteristics up to 14 ym in wavelength (inset). (c) Schematic illustration of a stand-alone 2D PtTe,
layer-based device. (d) Temporal photo-response of devices with and without the 2D PtTe,/Si junction. The device with the junction was

characterized with an illumination frequency of 1000 Hz (blue arrow).

where A (0.5 cm?), W, a (2.54 cm), d (13.5 cm), ¢ (0.92), and
7 (1.33) are the device area, emittance of radiation for each
specific filter, diameter of the source aperture, source aperture
to device distance, transmission of the optical path, and
amplification factor of the parabolic mirror, respectively. The
inset in Figure 3b shows the calculated optical power at each
center wavelength. With the measured noise current density of
3.3 X 1072 A-Hz™/? at 150 Hg, specific detectivity values were
plotted as a function of wavelength, as shown in Figure 3d.
While the device detectivity remains nearly constant in the low
wavelength regime, it steadily increases beyond ~6 ym. The
obtained specific detectivity values are on par with some of the
earlier studies on various nanomaterials studied at the similar
wavelength range.‘m'41 Based on the observed trend, the cutoff
wavelength of our 2D PtTe,/Si device is believed to exist
beyond the wavelength limit of the current optoelectronic
measurement setup, that is, 7 um, thus warranting further
investigation.

To gain insights into the working principle of the observed
wavelength-dependent detectivity, we performed Fourier
transform IR (FTIR) spectroscopy characterization. Figure
4a presents absorbance spectra of a bare Si wafer as well as 2D
PtTe, layers on a glass substrate. It is observed that the Si
wafer displays decreasing absorbance with the increasing
wavelength, while the 2D PtTe,/ glass sample exhibits the
opposite characteristics. Furthermore, we performed FTIR
characterization of a 2D PtTe,/Si device, as presented in
Figure 4b. Despite the continued decrease of absorbance in the
Si wafer (Figure 4a), the device shows a slight increase in
absorbance beyond ~6 um in wavelength, which becomes
continuously pronounced even with the longer wavelength
(inset). This observation indicates that the decreasing

15546

absorbance of the underlying Si wafer in the 2D PtTe,/Si
device is efficiently compensated by the increasing absorbance
of 2D PtTe, layers. Accordingly, the overall absorbance of the
device continuously increases after a certain critical wave-
length, that is, ~6 um, which possibly accounts for the
wavelength-dependent increase of detectivity shown in Figure
3d. Furthermore, to better clarify an exclusive role of the 2D
PtTe,/Si Schottky junction in resulting IR photodetection, we
performed a control experiment by exploring a device without
the junction. Figure 4c shows a schematic illustration of the
device where patterned 2D PtTe, layers are directly grown on
a SiO,/Si wafer, and their responsivity was evaluated by a two-
terminal characterization under IR illumination. Figure 4d
presents plots of temporal photo-response obtained from the
devices with (top panel) and without (bottom panel) the
Schottky junction, manifested by a photocurrent ratio, that is,
(I, = I,)/1,, where I, is the IR-induced photocurrent and I, is
the dark current. The device without the junction correspond-
ing to Figure 4c does not exhibit pronounced photocurrent in
sharp contrast to the one with the junction, evidencing that the
presence of the junction is essential for improved IR detection.

Lastly, we extend the scope of this study by exploring
mechanically flexible IR photodetectors employing 2D PtTe,
layers grown on thin (50 wm) Si wafers. Figure Sa
demonstrates the mechanical flexibility of a thin Si wafer
supported on a plastic substrate (top panel) and shows an
image of a fabricated 2D PtTe,/Si device (bottom panel).
Figure Sb presents plots of temporal photo-response obtained
from the corresponding device, represented as a photocurrent
ratio of (I, — I,)/I,. The results confirm illumination intensity-
dependent photocurrent generation with well-defined respon-
siveness. Figure Sc shows a plot of photocurrent generation

https://doi.org/10.1021/acsami.1c03512
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Figure 5. (a) Images of a thin Si wafer under bending (top) and a 2D PtTe,/Si flexible photodetector (bottom). The inset shows the top view of
the device prior to its attachment to the supporting substrate. (b) Intensity-dependent temporal photo-response obtained from the flexible 2D
PtTe,/Si device at an illumination wavelength of 0.94 um. (c) Plot of photocurrent vs illumination intensity. (d) Plot of photocurrent vs bending
cycles for a flexible device subjected to a reduction of lateral length by 20%. (e) Plot of responsivity vs bending cycles. (f) Plot of intensity-
dependent temporal photo-response obtained after a completion of 1000 bending cycles.

versus illumination intensity showing high linearity, which
suggests that the flexible device reliably responds to the
illumination of varying intensities. Furthermore, mechano-
optoelectrical properties of the flexible device were charac-
terized by cyclic bending tests. The device was subjected to a
sequential application of bending/unbending for a large
number of cycles, where the bending degree was set to be a
20% reduction of its original lateral length. Figure 5d shows a
plot of illumination intensity-dependent photocurrents with
varying cycle numbers, and the insets shows a representative
image of a device at its 20% bent state. Figure Se shows a plot
of illumination intensity-dependent responsivity corresponding
to Figure Sd. After 1000 cycle numbers, only ~20 and ~27%
reduction of photocurrent (Figure Sd) and responsivity
(Figure Se) are observed, respectively. Figure Sf presents a
plot of intensity-dependent temporal photo-response after a
completion of cumulative bending/unbending tests for 1000
cycles, confirming the reliable operation of the device.

Bl CONCLUSIONS

In conclusion, we explored IR photodetection of 2D PtTe,
layers directly integrated onto Si wafers. 2D PtTe,/Si Schottky
junctions exhibited excellent photo-responsiveness in a NIR-
to-MIR spectral range of ~1—7 ym owing to the diminished
carrier recombination manifested by their close-to-unity
ideality factor. A wavelength-dependent increase of specific
detectivity was observed beyond S ym, which was attributed to
be the result of absorbance competition between 2D PtTe,
layers versus Si. Furthermore, the low-temperature growth
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nature of 2D PtTe, layers enabled us to create mechanically
flexible photodetectors where the presence of 2D PtTe,/Si
Schottky junctions was identified to be critical for IR
photodetection. This study is projected to greatly broaden
the versatility of Si-based IR photodetectors by incorporating
2D materials in a simple and cost-efficient manner.

B METHOD

2D PtTe,/Si Device Fabrication. A bare p-type Si wafer
was cleaned with acetone, isopropyl alcohol, and deionized
water. 300 nm SiO, was subsequently deposited onto the Si
wafer through a shadow mask, defining an uncovered area of 1
cm X 0.5 cm at a rate of 1 A/s by electron-beam evaporation
(Thermionics VE-100). A Pt film of 4.5 nm thickness was
deposited through another shadow mask by the same
evaporator at a rate of 0.05 A/s as this thickness was identified
to exhibit the best photodetection performance. The sample
was placed in the middle of a quartz tube furnace which
contained Te powder on the upstream side. The tube was
purged with argon (Ar) gas and pumped down to a base
pressure of ~1 mTorr. The furnace temperature was raised to
400 °C in 50 min, and the temperature was maintained for a
dwell time of 50 min, followed by natural cooling. 100 sccm Ar
gas was constantly flowed into the furnace throughout the
entire reaction, maintaining an operation pressure of ~80
mTorr.

TEM and Raman Characterization. Microstructure
analysis of 2D PtTe, layers was performed using JEOL ARM
200 F Cs-corrected TEM at an operation voltage of 200 kV.

https://doi.org/10.1021/acsami.1c03512
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For plane-view TEM sample preparation, the buffered oxide
etchant was directly applied to SiO,/Si wafers with as-grown
2D PtTe, layers, which became directly delaminated and
transferred onto copper TEM grids. For Raman spectroscopy
characterization, a Renishaw RM 1000B system with a laser
source of 514 nm wavelength was used.

FTIR Characterization. The spectral characterization was
performed with a setup comprising a microscope-coupled
(Hyperion 1000, Bruker Optics Inc.) FTIR spectrometer
(Vertex 80, Bruker Optics Inc.) The spectrometer is
configured with a thermal source, a KBr beam splitter, and a
liquid nitrogen-cooled MCT detector. The microscope can be
configured for both transmission and reflection measurements.
The measurements were performed using two different sets of
objective lens separately, 2.4X, NA 0.07, CaF, objectives (0.3—
8 um), and 2.4X, NA 0.07, ZnSe objectives (6—16 ym), to
measure the whole wavelength range of interest. Reflection and
transmission spectra were measured and averaged 128 times,
and each averaged measurement at the same location was
performed twice for validation. Backgrounds were taken in air
at room temperature under similar conditions at which the
experiments were performed.

Transmittance and Conductivity Characterization.
The optical transmittance of 2D PtTe, layers was characterized
using UV—vis spectroscopy (Cary WinUV spectrophotometer)
at 625 nm wavelength with the samples directly grown on
optically transparent willow glasses. The electrical conductivity
of 2D PtTe, layers was determined by a four-point resistivity
probe (SP4, Signatone, USA) connected to a source meter
(Keithley 2400, Keithley Instruments, USA). Average values of
the transmittance and conductivity were determined from five
different sets of measurements.

Room-Temperature Electrical and NIR (1.1-1.9 um)
Photodetection. All electrical measurements were performed
with a home-built probe station using a HP 4156 A
semiconductor parameter analyzer. Temporal photo-response
characteristics of the heterojunction devices were analyzed
using a home-built system composed of a light source,
Newport (66885), and a monochromator, Cornerstone
(130B).

MIR (2—8 um) Photodetection. The photocurrent
measurements were carried out using a calibrated blackbody
(900 °C, Newport 67030) as an illumination source. An optical
chopper was used to modulate the blackbody radiation at 150
Hz, and the modulated radiation was filtered through a Ge
long-pass filter that cuts off photons with a wavelength shorter
than 1.8 ym. The device signal was first amplified using SRS70
and measured using a lock-in technique (SR830). For spectral
photocurrent measurements (photocurrent vs wavelength), a
set of Fabry—Perot band-pass filters with the center wavelength
in a range of 2—7 um were used instead of the Ge filter. The
noise current density was measured using an SR760 spectrum
analyzer at 150 Hz, coupled with an SRS70 preamplifier. The
preamplifier provided a low-noise voltage bias to the device.
The noise voltage density (V-Hz /%) was measured directly
using SR760 and converted to the noise current density (A-
Hz /%) by multiplying the sensitivity of the preamplifier. The
spectrum analyzer, preamplifier, and device were kept inside a
Faraday cage and grounded to a common point to minimize
external noise. The specific detectivity at each wavelength was
calculated using the measured responsivity and noise current
density values. The opto-electrical data were determined from

three different sets of measurements and were averaged,
obtaining the error bars.
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