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ABSTRACT: Black phosphorus (b-P) and more recently black phosphorusarsenic alloys (b-PAs) are candidate 2D materials for the detection of midwave and potentially long-wave infrared radiation. However, studies to date
have utilized laser-based measurements to extract device performance and the
responsivity of these detectors. As such, their performance under thermal
radiation and spectral response has not been fully characterized. Here, we
perform a systematic investigation of gated-photoconductors based on b-PAs
alloys as a function of thickness over the composition range of 0−91% As.
Infrared transmission and reﬂection measurements are performed to
determine the bandgap of the various compositions. The spectrally resolved
photoresponse for various compositions in this material system is investigated
to conﬁrm absorption measurements, and we ﬁnd that the cutoﬀ wavelength
can be tuned from 3.9 to 4.6 μm over the studied compositional range. In
addition, we investigated the temperature-dependent photoresponse and performed calibrated responsivity measurements
using blackbody ﬂood illumination. Notably, we ﬁnd that the speciﬁc detectivity (D*) can be optimized by adjusting the
thickness of the b-P/b-PAs layer to maximize absorption and minimize dark current. We obtain a peak D* of 6 × 1010 cm
Hz1/2 W−1 and 2.4 × 1010 cm Hz1/2 W−1 for pure b-P and b-PAs (91% As), respectively, at room temperature, which is an
order of magnitude higher than commercially available mid-wave infrared detectors operating at room temperature.
KEYWORDS: 2D materials, b-P, b-PAs, mid-wave infrared, photodetector, speciﬁc detectivity
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in thickness as well as the possibility of coupling to nano-optics
to increase total absorption.9,10 Furthermore, 2D materials have
naturally passivated surfaces due to the lack of out-of-plane
bonding, which can result in high interface quality in the
presence of suitable defect passivation and can remove the
requirement for a lattice matched substrate.11−13 Signiﬁcant
research has been performed in this area, with much of the
initial work focused on mono- and bilayer graphene; however,
these devices suﬀer from low intrinsic absorption and high dark
current due to the absence of a bandgap.14−16 More recently
black phosphorus (b-P) and black phosphorus-arsenic (b-PAs)
alloys have emerged as potential 2D semiconductors with
suitable bandgaps for IR detection.17,18 In addition, b-P has
been shown to provide other attractive properties, such as high
mobility, anisotropic optical properties, and a highly tunable
thickness-dependent direct-bandgap over the monolayer to sixlayer range.19−21 Previous studies have demonstrated both
photoconductive as well as photovoltaic b-P photodetectors
and have demonstrated that this material system shows high

he detection of infrared (IR) light has numerous
applications, including thermal imaging, gas sensing,
and communication.1−3 Thermal radiation falls in
either the mid-wave (3−5 μm) or long-wave (8−14 μm)
spectral bands. Research in detectors for these wavelengths has
been dominated by thermal detectors such as bolometers and
semiconductor detectors including indium antimonide, mercury
cadmium telluride, or type-II quantum wells.4−7 However, key
challenges still exist in both detector types. Speciﬁcally,
semiconductor detectors typically require cryogenic cooling
and complex growth/fabrication processes leading to high
costs.8 On the other hand, while bolometers can achieve room
temperature operation at signiﬁcantly lower costs, they are
ultimately limited by slow temporal response, limiting their
applications.7 The key challenge for semiconductor detectors
operating in the mid- and long-wave IR bands is the signiﬁcant
thermal generation, which results from the small bandgap
requirements (0.3 and 0.1 eV, respectively, for mid- and longwave). This in turn results in signiﬁcant dark currents due to
thermal generation.
A potential route to mediate thermal generation within IR
photodetectors is to minimize the thickness of the active
electronic material. Two-dimensional (2D) materials have
potential to accomplish this through both extreme reduction
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Figure 1. (a) Optical microscope image of a typical b-P gated photoconductor with a thickness of 29 nm; the scale bar is 10 μm. (b) Crosssectional schematic of the gated photoconductor. (c) Raman spectra measured for pure b-P as well as b-PAs alloys.

Figure 2. (a) Polarization resolved transmission spectra measured for a 66 nm-thick b-PAs crystal on a KBr substrate; inset shows the optical
conﬁguration used during measurements. (b) Polarization resolved reﬂection spectra measured for a 66 nm-thick b-PAs crystal on a KBr
substrate; inset shows the optical conﬁguration used during measurements. (c) Absorption spectra, calculated from 100-T−R, for the b-PAs
crystal shown in (a) and (b) along both crystal directions. Inset shows the polarization resolved absorption at a wavelength of 3.5 μm. (d)
Bandgap of b-P and b-PAs alloys as a function of P concentration.
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Figure 3. (a) Transfer characteristics of an 18 nm-thick b-P crystal measured as a function of temperature at a drain bias of 10 mV. Note that a
cold shield was utilized for these measurements. (b) Arrhenius plot of minimum drain source current (Id,min) as a function of temperature
extracted from panel (a). Dashed line is a ﬁt based on G-R limited dark current.

corresponding to the out-of-plane A1g mode, in-plane B2g mode,
and out-of-plane A2g mode of b-As, respectively. Additionally,
for b-PAs we observe additional peaks over the range of 300−
400 cm−1, which have been attributed to varied P-P/As-P/P-As
bonding for the alloyed materials. These spectra are consistent
with the ﬁndings of Liu et al., who performed both Raman
measurements as well as calculations on the expected
vibrational modes of b-PAs.18,20
Transmission and reﬂection measurements were performed
for crystals transferred onto KBr substrates to determine the
bandgap of b-PAs alloys. Polarization resolved transmission and
reﬂection spectra for a b-PAs (91% As) crystal, taken using a
Fourier transform infrared spectrometer (FTIR) microscope,
are shown in Figure 2a,b, respectively. The optical path was
kept constant for both measurements, and reﬂection spectra
were taken in reference to an Au mirror. From these
measurements, we can obtain the absorption coeﬃcient,
calculated as 100% reﬂection−transmission as shown in Figure
2c. We observe strongly polarized light absorption along the
perpendicular crystal direction, which is consistent with
previous reports.17 The absorption as a function of polarization
angle at a wavelength of 3.5 μm is shown in the inset of Figure
2c. The bandgap as a function of composition is extracted from
the absorption spectra and shown in Figure 2d (absorption
measurements on various compositions are shown in Figure
S2). The bandgap (Eg) of this material system can be tuned
from 3.8 μm (326 meV) for pure b-P to 4.6 μm (269 meV) for
b-PAs (91% As). It is worthwhile to note that previous
measurements on the extinction coeﬃcient of b-PAs alloys
suggested a potentially wider range of bandgap tunability (Eg =
150 meV for b-PAs 83% As).18 This discrepancy can be
attributed to utilizing the extinction coeﬃcient to extract Eg,
which does not account for reﬂected light at wavelengths below
the bandgap, as can be seen in Figures 2a and S3.
Dark Current Mechanism. A critical roadblock for IR
detectors is the signiﬁcant dark current arising from small
bandgaps, which places a limit on the noise of the device.25
Ultimately for mid- and long-wave IR detectors, the performance limit is set by random variations in the background
radiation viewed by the device.25 A key advantage of utilizing an

photoconductive gain and a strongly polarized photoresponse.22−24
Here, we perform a detailed characterization of gatedphotoconductors based on b-P and b-PAs alloys as a function of
thickness. The bandgaps of these materials were determined
using absorption spectroscopy. Spectrally resolved photoresponse measurements of various compositions were
performed for the ﬁrst time, which are in agreement with
absorption measurements. We ﬁnd that while b-PAs alloys
show larger bandgaps than what has been previously estimated
from the extinction coeﬃcient, this material system provides
full tunability over the mid-IR band. Furthermore, we ﬁnd these
photoconductive detectors show a highly polarized photoresponse, with an extinction ratio >100×. Finally, we measured
the responsivity and speciﬁc defectivity of these gated
photoconductors using ﬂood illumination from a blackbody
source and measured a peak D* of 6 × 1010 cm Hz1/2 W−1 and
2.4 × 1010 cm Hz1/2 W−1 for pure b-P and b-PAs (91% As),
respectively, at room temperature.

RESULTS AND DISCUSSION
Figure 1a,b shows an optical image and cross-sectional
schematic of the gated-photoconductors fabricated in this
study. Multilayer b-P and b-PAs crystals with diﬀerent As
concentrations were exfoliated on Si/SiO2 substrates with a 50
nm-thick oxide in a N2 glovebox and were coated with PMMA
prior to removal from the nitrogen ambient. For device
fabrication, exposure to air was minimized, and critical process
steps such as lift-oﬀ were performed inside a glovebox with
anhydrous solvents. Measurements shown in this work were
either carried out in a purged N2 environment or under
vacuum.
Material Characterization and Optical Properties.
Energy dispersive electron spectroscopy (EDS) was performed
to verify the compositions of the materials investigated here
(EDS spectra shown in Figure S1). In addition, Raman
spectroscopy was performed to verify the crystal structure and
composition of the various b-PAs crystals. Raman spectra for bP and b-PAs crystals are shown in Figure 1c. For bP-As (91%
As), we observe Raman modes at 235.7, 247.1, and 267.1 cm−1,
C
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Figure 4. (a) Transfer characteristics of a 29 nm-thick b-P gated photoconductor measured under dark and illumination from a 1000 K
blackbody with the device at 297 K. (b) Transfer characteristics of a 29 nm-thick b-P gated photoconductor measured under dark and
illumination from a 1000 K blackbody with the device at 77 K. Note that a cold shield was not present for dark measurements. (c) Broadband
spectral photoresponse of the device shown in (a) and (b), measured at 297 and 77 K. (b) Gate voltage dependence of the spectral
photoresponse, measured at 297 K.

reasonable agreement with values extracted from absorption
measurements (326 meV) and is expected to underestimate the
bandgap due to contributions from trap states.
Gate Voltage Dependence of Responsivity. Figure 4a,b
shows transfer characteristics of a typical 31 nm-thick b-P gated
photoconductor taken in the dark and under illumination by a
1000 K blackbody with the detector held at 297 and 77 K,
respectively. The corresponding responsivity, R, is also shown,
calculated as Il−Id/P, where Il current measured with the
detector illuminated by a 1000 K blackbody, Id is the current
measured with the device viewing a room temperature
background, and P is total incident power above the bandedge. From both the transfer characteristics and the photoresponse curves it can readily be seen that the optimum
photoresponse is obtained when the device is gated to
compensate the background doping electrostatically. The
spectral photoresponse of the b-P photoconductor was
measured using the experimental setup shown in Figures S4
and S5. Here, illumination from the same 1000 K blackbody is
modulated using a FTIR spectrometer, and the measured
spectra at 77 and 297 K (at a gate voltage of 3.8 V) are shown

ultrathin material as the active detector is that the active volume
which contributes to thermal generation is reduced per unit
area of the device. In addition, for ultrathin devices, the
background doping concentration in the semiconductor can be
electrostatically tuned with the gate. To understand the source
of the noise current as a function of gate voltage for b-P, we
performed temperature-dependent measurements of the
conductance. As shown in Figure 3a, we observe a minimum
in the dark current at small, positive gate voltages, which
indicates that the material is lightly p-doped. Additionally, we
see that the Ni contact to these devices is ambipolar indicating
that it can inject both electrons and holes. The minimum dark
current, corresponding to the gate voltages where the
background doping is compensated, is plotted in Figure 3b.
The current from carrier generation-recombination (G-R), IG‑R,
is proportional to
IG ‐ R ∝ T 3/2 exp( −Eg,0 /2kT )

(1)

where T is the temperature, Eg,0 is the eﬀective bandgap, and k
is the Boltzmann constant.26 By ﬁtting the Id,min to the G-R
current, we extract an eﬀective bandgap of 305 meV. This is in
D
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Figure 5. (a) Room-temperature temporal photoresponse of a 35 nm-thick b-P photoconductor, excited by a 980 nm laser modulated at 50
kHz. (b) Photocurrent versus modulation frequency measured at an incident power of 15 nW measured at room temperature, showing a 3 dB
frequency of 117 kHz. (c) Noise spectrum measured for a 35 nm-thick b-P photoconductor at room temperature and 77 K; dashed line shows
a reference 1/f curve.

Figure 6. (a) Relative response of a b-P photoconductor measured for incident light polarized along (x-direction, arm-chair) and
perpendicular to (y-direction, zigzag) the absorbing axis of the b-P crystal. (b) Responsivity of the device shown in panel (a) as a function of
polarizer angle. (c) Normalized photoresponse of a b-P photodetector measured as a function of temperature. (d) Extracted bandgap from the
spectral photoresponse as a function of device temperature.

and fall time were measured using a directly modulated laser
diode (λ = 980 nm) and are shown in Figure 5a,b. We measure
a rise and fall time of 12.4 and 8.6 μs, respectively. The 3 dB
bandwidth is extracted from Figure 5b to be 117 kHz. From
this analysis, we can estimate the photocarrier lifetime, τ0, from
f 3 dB = 1/2πτ0 to be 1.4 μs. Additionally, we can calculate the
carrier transit time, τtr, from the ﬁeld-eﬀect mobility (μfe) for
this device (596 cm2 V−1 s−1) which is estimated using μfe =
(dId/dVg)(L/W)/(VdCox), where L, W, and Cox are the length,
width, and oxide capacitance of the device, respectively.
Subsequently, the τtr is calculated to be 8.2 ns using τtr = L2/

in Figure 4c. The gate-dependent photoresponse extracted
from spectral response measurements is shown in Figure 4d
and is in good agreement with the measurements shown in
Figure 4a,b. We can observe a clear absorption edge for the b-P
detector, corresponding to the material’s bandgap. The cutoﬀ
wavelength, λco (deﬁned as wavelength at which responsivity
drops by 50%), for this device at room temperature is 3.91 μm
and is in very good agreement with the Eg value ﬁtted from
reﬂection/transmission measurements.
Frequency Response, Photoconductive Gain, and
Noise Current. The frequency response as well as the rise
E
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Figure 7. (a) Speciﬁc detectivity of b-P photoconductors as a function of layer thickness; measurements were performed under gating
conditions which maximized the detectivity for the speciﬁc device at room temperature. (b) Speciﬁc detectivity of b-P and b-PAs
photoconductors with optimized thickness; measurements were performed under gating conditions which maximized detectivity for the
speciﬁc device at room temperature.

(μfeVd). From this we can estimate the photoconductive gain
(G) to be 54 at a bias voltage of Vd = 100 mV.
The quantum eﬃciency of the device can be calculated
utilizing the measured responsivity and the gain according to
R (λ ) =

qηλG
ℏc

polarization ratio between the two crystal orientations at midinfrared wavelengths is over 100×. It is important to note that
this value is limited by the dynamic range of the FTIR and is
approaching the extinction ratio of the polarizer used in this
study. The polarization resolved photoresponse measured for
3.5 μm incident light is shown in Figure 6a,b. The spectral
photoresponse, measured as a function of temperature for a b-P
photoconductor is shown in Figure 6c. Interestingly, we
observe that the cutoﬀ wavelength of the device extends to
lower photon energies as the temperature is reduced. While this
is the opposite from the behavior typically observed in most
semiconductors, it is consistent with the calculated bandgap for
b-P which has been predicted to show decreasing Eg with
temperature due to its negative pressure coeﬃcient and strong
electron-photon coupling.30,31 The extracted bandgap values
from the spectral photoresponse are shown in Figure 6d.
Thickness Dependence and Speciﬁc Detectivity of bPAs Photoconductors. Finally, we investigated the speciﬁc
detectivity of b-P and b-PAs photoconductors. The generic
expression for speciﬁc detectivity is given by

(2)

where q is the electron charge, η is the quantum eﬃciency, ℏ is
Planck’s constant, and c is the speed of light.27 We obtain a
quantum eﬃciency of 6.4% for unpolarized incident light. This
value is found to be reasonable based on reﬂection measurements taken on the same device, which indicates that ∼8% of
incident light is absorbed by the device at λ = 980 nm and is
thus able to contribute to the photocurrent.
The noise current density for a typical device operated at
Id,min as a function of frequency ( f) is shown at room
temperature and 77 K in Figure 5c. We can observe that the
low-frequency behavior (f < 150 Hz) is dominated by 1/f
ﬂicker noise both at room temperature and 77 K.27,28 This
behavior is often observed in photoconductive detectors as well
as in previous b-P transistors and photoconductors and is
attributed to charge trapping/detrapping. At moderate
frequencies, the total noise current is the sum of contributions
from Shot, G-R, and Johnson noise. For this device under low
intensity illumination, Shot noise is expected to dominate (as
can be seen from temperature-dependent measurements in
Figure 3b) and is given as i2S = 2qIG‑RΔf, where q and IG‑R are
the electron charge and G-R current respectivly.28,29
Polarization Resolved and Temperature-Dependent
Photoresponse. As shown previously in Figure 2c, b-P shows
a highly polarized absorption, and previous studies have shown
that under visible illumination b-P photoconductors show a
preferential response to light polarized along the x-direction
(arm-chair direction).20,22,23 We measured the polarization
dependence of a b-P gated-photoconductor by placing a linear
BaF2 wire-grid polarizer in the FTIR beam path directly in front
of the b-P gated-photoconductor. As expected from the highly
polarized absorption spectra of b-P, there is strong
anisotropicity in the photoresponse for polarization aligned to
and against the crystal orientation of the b-P. We ﬁnd that the

D* =

AΔf
NEP

=

R AΔf
in

(3)

where A is the detector area, Δf is the integration time, NEP is
noise equivalent power, and in is the noise current.27,32 In the
ideal case for photoconductors, the in is limited by shot noise
and can be calculated from dark resistance of the device.
However, this generally provides a strong overestimation of D*.
For the purpose of this work we utilized the experimentally
measured noise current for all D* calculations, which are taken
at a modulation frequency of 150 Hz to minimize the
contribution of 1/f noise. The speciﬁc detectivity measured
for b-P as a function of thickness under illumination by a 673 K
blackbody using the setup shown in Figure S5 is shown in
Figure 7a. We found that the optimum thickness for
maximizing D* was 25−35 nm-thick, which balanced the
increased absorption for thicker layers and the reduced dark
current and thermal-generation for thinner layers. The
thickness dependence of D* can be understood from eq 4,
F
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were performed in a FTIR spectrometer (ThermoFisher), with a
customized Janis cryostat using a CaF2 window. Prior to measurement,
the wire bonded devices were loaded into the spectrometer and
evacuated to a base pressure of <10−5 Torr. The cryostat was then
placed at the auxiliary exit port of the FTIR, and the exciting
illumination from the Glowbar (1000 K blackbody) source was
focused on the sample using either a CaF2 lens or 15× Schwarzschild
objective. The photocurrent from the b-P/b-PAs devices was then sent
to a current ampliﬁer (Stanford Research Systems), which also
provided the bias voltage, and the signal was subsequently returned to
the external detector interface of the FTIR. All measurements taken
with the FTIR were performed with the current ampliﬁer operating
with a gain setting such that the bandwidth was >100 kHz. Bias voltage
and gain were selected to maximize signal-to-noise ratio for the
particular device under measurement, with the aforementioned
condition. During measurements, the gate bias of the device was
pulsed synchronously with the FTIR, as shown in Figure S4, in order
to mitigate hysteresis in the device. The relative intensity of the
illumination source was measured using the internal deuterated
triglycine sulfate (DTGS) detector of the FTIR with identical
measurement conditions. Polarization measurements were performed
by placing a BaF2 wire grid polarizer in the beam path, and the
polarization response of the system was calibrated using a commercial
Ge and HgCdTe detector in place of the sample. The frequency
response of the devices was measured using a directly modulated 980
nm laser. To measure the speciﬁc defectivity of the devices, we utilized
optically chopped ﬂood illumination from a 673 K blackbody source
with no focusing optics. The net power incident on the device above
the band-edge was calculated by the integration of the spectral radiant
exitance of the blackbody and sample (Mtotal) according to Planck’s
Law:

which assumes a constant device area, that responsivity is
directly proportional to absorption in the material and the
photoconductive gain is thickness independent.
D* ∝

signal
(1 − e−αt )
∝ 2
noise
⟨iS ⟩ + ⟨i J2⟩ + Ne

(4)

⟨i2J ⟩

where α is the absorption coeﬃcient, t is the thickness,
is
the Johnson noise, and Ne is excess noise. In the ideal case ⟨i2S⟩
and ⟨i2J ⟩ are proportional to the active semiconductor thickness;
however, in practice the excess noise contribution dominates in
the limit case when t approaches zero, leading to an optimal
device thickness. Figure 7b shows the speciﬁc detectivity as a
function of wavelength for b-P and b-PAs gated photoconductors, fabricated with the optimized thickness. We obtain
a peak room temperature D* of 6 × 1010 cm Hz1/2 W−1 and 2.4
× 1010 cm Hz1/2 W−1 for pure b-P and b-PAs (91% As),
respectively, from the measured noise current.

CONCLUSION
In summary, we have investigated the spectral performance of
b-P and b-PAs gated-photoconductors as a function of
thickness and composition. We ﬁnd that the speciﬁc detectivity
of these devices can be signiﬁcantly improved by tuning the
thickness. For optimized devices, with a thickness of ∼28 nm,
we obtain peak D* of 6 × 1010 cm Hz1/2 W−1 for b-P and 2.4 ×
1010 cm Hz1/2 W−1 for b-PAs (91% As) at room temperature
with a bandwidth of 117 kHz. This detectivity is an order of
magnitude greater than commercial devices operating at room
temperature.1−3,32 In addition these devices show very strong
sensitivity to the polarization of incident light, with an
extinction ratio >100× which is comparable to traditional
polarization optics. However, we found from both transmission/reﬂection and spectrally resolved photoresponse
measurements that the bandgap tunability of the b-PAs
material system is smaller than what was initially estimated
and is limited to mid-wave-IR spectral bands.18 As such, other
techniques of reducing the bandgap in b-PAs or new 2D
materials still need to be investigated to achieve longwave-IR
photodetection.

M total(λ , T ) = ϵ̅

∫0

λco

2πc
4

λ (e

ℏc / λkT

− 1)

dλ

(5)

where, ϵ̅ is average the emissivity, T is temperature, λ is wavelength, λco
is the cutoﬀ wavelength of the detector under test, ℏ is Planck’s
constant, k is Boltzmann’s constant, and c is the speed of light. The
projected solid angle viewed by the detector (Ω) is calculated as

Ω=π

r2
D + r2
2

(6)

where r is the radius of the deﬁning aperture and D is the distance
between the aperture and sample surface. The total incident power on
the detector can then be calculated according to

METHODS

E=

Device Fabrication. b-P and b-PAs crystals (purchased from
Smart Elements and HQ Graphene, respectively) were utilized for all
devices in this study. Signiﬁcant eﬀort was made during processing to
minimize exposure to ambient air, due to the hydroscopic nature of bP. Crystals were exfoliated and spin-coated with PMMA C4 in a
nitrogen glovebox on p+2 Si/SiO2 chips with a 50 nm-thick gate oxide.
Following exfoliation and encapsulation with PMMA, suitable crystals
were located by using an optical microscope, and devices were
fabricated using standard e-beam lithography techniques. After
development, 40 nm-thick Ni electrodes were deposited by thermal
evaporation, and lift-oﬀ was performed using anhydrous solvents in a
nitrogen glovebox. The sample thickness was then measured in an N2
purged AFM (Bruker), and devices were subsequently wire bonded in
a 24 pin chip carrier. Samples for absorption/reﬂection measurements
were transferred to KBr substrates using a previously established dry
transfer technique and were measured in an FTIR microscope.
Detector Characterization. Temperature-dependent electrical
measurements on b-P were performed in a ﬂow cryo probe station
(Lakeshore) using a B1500A Semiconductor Parameter Analyzer
(Agilent). For measurements taken in Figure 2a, a Vds which was
signiﬁcantly lower than the bandgap of b-P (Vds = 10 mV) was
selected. This was done in order to ensure low-ﬁeld transport, for
subsequent bandgap extraction. Spectral photoresponse measurements

Ω
× (M total,BB − M total,Det) × M . F . × A
π

(7)

where Mtotal,BB is the integrated photon exitance of the blackbody,
Mtotal,Det is the integrated photon exitance of the detector, M.F. is the
chopper modulation factor, and A is the device area. The photocurrent
and noise current in the device was then measured using a lock-in
ampliﬁer. For all measurements, an integration time of 1s was used,
and the blackbody was chopped at a frequency of 150 Hz.
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Figure S1. EDX Spectra, showing As Lα (1.282 keV) and P Kα (2.013 keV) peaks, measured
for the various compositions of b-P and b-PAs studied here.

2

Figure S2. (a) Absorption spectra, calculated from 100-T-R in the X and Y directions measured
on 348 nm thick b-P. (b) Absorption spectra, calculated from 100-T-R in the X and Y directions
measured on 26 nm thick b-PAs (83% As). (c) Absorption spectra, calculated from 100-T-R in
the X and Y directions measured on 212 nm thick b-PAs (91% As). Note that the total absorption
is a strong function b-P/b-PAs thickness and refractive index.
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Figure S3. Extinction coefficient measured for a b-P crystal on a KBr substrate from
transmission.
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Figure S4. (a) Schematic of measurement setup used to measure the spectral content of the
incident light on the b-P detector, measurements taken using the internal pyroelectric detector of
the FTIR were performed at an optical velocity of 0.15 cm/s. (b) Schematic of measurement
setup used to measure the spectral response of the b-P and b-PAs gated photoconductors. Light
from the FTIR Glowbar was focused on the device using either a CaF2 lens or a Schwarzschild
objective. During measurements, the gate voltage was modulated from Vg during the
interferometer scan to -Vg during the wait period, in order to minimize hysterics effects (timing
shown in Fig. S3). (c) Relative response per photon of a b-P gated photoconductor, calculated
using the ratio of response from the b-P detector to the pyroelectric reference detector. (d)
Relative response per photon of a b-P gated photoconductor, calculated using the ratio of
response from the b-P detector to the pyroelectric reference detector and photon energy.
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Figure S5. (a) Timing of gate biasing during FTIR measurements. During the measurement
window, which is identified by an external trigger from the FTIR, the gate is held at the desired
bias potential, Vg. During the rest period, the gate bias is held at -Vg, in order to minimize
hysteresis effects. (b) Photograph of the optical setup used to measure the spectral and frequency
response of the b-P and b-PAs gated photoconductors. Sample is placed in a 24-pin chip carrier
in the cryostat. An external microscope is setup to locate and focus light on the sample with a
reflective objective or CaF2 lens.
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Figure S6. (a) Schematic of the setup used to measure the absolute responsivity and detectivity
of the b-P detector. The sample was illuminated by a blackbody source held at 400°C-250°C
(673 K-523 K). The beam was modulated using a chopper and the response of the gated
photoconductor was measured using a lock-in amplifier. (b) Spectrum of the illumination on the
sample at various blackbody temperatures calculated using Plank’s law. The cut-off wavelengths
for b-P and b-PAs (91% As) are indicated by dashed lines.
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