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SUPPLEMENTARY TABLE 
 

Table S1. Comparison of room-temperature hyperdoped-silicon-based photodetectors operating at 
1550 nm (When values at 1550 nm are unavailable, the closest reported wavelength is given in 

parentheses. J – dark current density, P – light power density, R – responsivity, LDR – linear dynamic 
range, D* – specific detectivity, τr/τf – rise/fall times). 

 

Material Size Bias Idark J 
(mA/cm
2) 

P R LDR D* τr/τf  

Si:S 
(This 
work) 

7×7 mm² 5 V 146.5 μA 0.299 4.87 
mW 
15.9 μW 

14.5 
mA/W 

59.4 dB 1.59×10⁹ 
Jones 
1.91×10⁹ 
Jones 

166 μs / 
186 μs 

Si:Te 1 140×450 
nm² 
(lateral 
wavegui
de 
incident) 

−9 V  ≈ 2 μA - 125 nW 0.56 
A/W 

33.7 dB  (not able 
to 
determin
e due 
device 
structure
) 

(59 ps 
from RC 
estimatio
n) 

Si:Te 2 ≈5 mm² 0 V - - 20 mW 
cm⁻² 

0.3 
mA/W 

- 9.2 × 10⁸ 
Jones 

39 μs / 
42 μs 

Si:Ar 3 5×5 mm² 12 V ≈ 5 mA 20 3.16 mW 1.28 
A/W 

- (1.14 × 
10¹⁰ 
Jones 
@1310 
nm) 

- 

Si:Ti 4 1×1 cm² 1 mA - 1 - 34 
mV/W 

- 1.7 × 10⁴ 
Jones 

- 

Si:Se 5 ≈5 mm² −1 V  57.3 μA 0.229 35 mW 72 µA/W  ≈ 27.3 
dB 

- 7 ns / 23 
ns 

Si:Ti/DL
C 6 

1 mm² 0 V - - 63 mW 2.34 
µA/W 

- 1.16 × 
10⁸ Jones 

5 ms / 3 
ms 

Si:Zn/Gr 
7 

- −3 V – 0 
V 

< 1 μA - 2 mW 1.6 
mA/W 

- 1.56×10⁷ 
Jones 

1.4 ms 

Si:He&A
r 8 

- 12 V 12.5 mA - - 350 
mA/W 

- 2.78×10⁹ 
Jones 

(74 μs / 
82 μs 
@1310 
nm) 

Si:S 9 5×3 mm² −20 V (7.8 μA 
@−5 V) 

(0.052 
@−5 V) 

- 0.8 A/W - - (0.65 ms 
/ 2.13 ms 
@632 
nm) 

Si:Au 10 1×1 mm² −5 V  ≈ 1.5 μA 0.15 - 11.6 
μA/W 

- - - 

Si:Te 11 - −2 V  - - - 56.8 
mA/W 

- - - 

Si:Ag 12 7×7 mm² −3 V  ≈ > 50 
μA 

≈ > 
0.102 

- 65 
mA/W 

(41.4 dB  
@1310 
nm) 

- (75 μs 
@1310 
nm) 

Si:Er&O 
13 

200/600 
μm 
donut 

2 V 5 µA 0.442 - (165 
µA/W 
@1310 
nm) 

- (1.39×10
⁹ Jones 
@1310 
nm) 

(14 ms / 
12 ms 
@1310 
nm) 

Si:Ag/Gr 
14 

100 μm 
channel 
width 
(FET) 

0.3 V ~ 5 mA - - ≈ 92 
mA/W  
(from 
EQE=7.3
7%) 

(≈ 48.5 
dB  
@1342 
nm) 

- (122 μs 
/131 μs 
@1342 
nm) 



 

3 
 

 

 

SUPPLEMENTARY TEXT 

Supplementary Text 1. Single-pixel imaging experiment 
While the comprehensive architecture of the same single-pixel imaging (SPI) system is described 
elsewhere15, here we outline the specific configurations crucial to the present measurements. The light 
sources used for imaging included a 1550 nm infrared laser (ThorLabs FPL1009S) and a visible-
wavelength LED (Thorlabs MNWHL4) combined with red, green, and blue (RGB) optical filters 
(whose transmittance spectra were shown in Fig.S1). Test objects consisted of a glass slide with a gold 
film patterned with a kangaroo image and a color photographic slide containing a rainbow lorikeet (a 
parrot) image.  

 

Fig. S1 | Measured transmittance spectra of the red, green, and blue optical filters, referenced to air. 

As shown in Fig.1a, for SWIR imaging, the 1550 nm laser was collimated and directed onto the object 
via a flip mirror. The transmitted light was imaged by a camera lens (Nikon, focal length 60 mm) onto 
a DMD (V-7000, Vialux) at normal incidence, which imposed a sequence of spatial modulation patterns. 
The reflected, pattern-encoded beam was then relayed by a camera lens (Pentax, focal length 50 mm) 
and a microscope objective (Mitutoyo, 50× magnification) onto the hyperdoped silicon photodetector, 
which converted the incident intensity into a time-varying electrical signal. This signal was amplified 
by the preamplifier (which also provided the detector bias) and demodulated by a lock-in amplifier 
(Stanford Research SR830), with the laser intensity simultaneously modulated at 1.5 kHz. The lock-in 
amplified output voltage was digitized by a 14-bit analog-to-digital converter (ADC) and transferred to 
a personal computer for image reconstruction. The sampled voltages 𝑽 ∈ ℝே  corresponded to the 
circular convolution of the first row of the cyclic sensing matrix 𝚽𝟏 ∈ ℝே, with the imaging object 
vector 𝑶 ∈ ℝே, scaled by a normalization constant 𝑚16 : 

𝑽 = 𝑚 ∗ (𝜱𝟏 ⊛ 𝑶). 

In our SPI implementation, the cyclic S-matrix patterns were generated using a maximal-length shift-
register approach16, generating a first row of the sensing matrix 𝚽𝟏  with a total number pixels of 
reconstructed image pixels 𝑁 = 2௡ −  1 = 𝑝 × 𝑞, where 𝑛 was an integer number and 𝑝, 𝑞 defined the 
dimensions of sampling and image matrices, respectively. During the sampling process, the sensing 
matrix 𝚽𝟏 was first reshaped to a matrix of size 𝑝 × 𝑞 and displayed on the DMD as the first pattern. 
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Because the sensing matrix was binary, each DMD micromirror turned ‘ON’ when the corresponding 
matrix element was 1 and ‘OFF’ when it is 0. The ADC then sampled the first voltage value, 𝑉ଵ. For 
subsequent measurements, the DMD displayed the remaining patterns cyclically.  

For visible-light (high-resolution) imaging, the preamplifier output was sent directly to the ADC 
without lock-in detection or light-source modulation. Although the sampling matrix was defined as 
1023 × 1025 pixels, the digital micromirror device (DMD) provides only 1024 × 768 micromirrors. 
Consequently, the full sampling matrix cannot be physically projected, and the reconstructed image 
resolution was therefore limited to a maximum of 1023 × 768 pixels. A trigger signal was generated by 
the DMD upon loading each pattern and was sent to the ADC. Upon receipt of this trigger, sampling of 
the detector signal was initiated by the ADC. The sampled signals corresponding to each displayed 
pattern were recorded by the control computer.  

The reconstruction exploited the equivalence between circular convolution in the spatial domain and 
multiplication in the Fourier domain. The Fourier transforms of the sampled voltage sequence and of 
the first row of the cyclic sensing matrix were first computed. The ratio of these spectra was then 
evaluated in the Fourier domain, followed by an inverse Fourier transform to obtain the reconstructed 
image. 

 

Supplementary Text 2. Fabrication and selection of photodetectors 
Table S3 summarizes the hyperdoping parameters and ULH fluence used for all fabricated detectors. 
Following metallization, we screened all 14 hyperdoped silicon devices across both vertical (front-rear) 
and lateral (front-front) configurations to identify those exhibiting sub-bandgap photoresponse.  

 

Table S3. Laser processing variations and initial responsivity results in front-rear mode for all 
fabricated devices (*Samples selected for characterization in main text.). 

Sample 
number 

Pulse per spot Hyperdoping fluence  
(J cm−2) 

ULH fluence  
(mJ cm−2) 

Responsivity 
(mA/W) @ 1550 

nm, −20 V 
01 20 0.8 - <1 
02 20 0.8 13 <1 
03 20 0.8 14 <1 
04 20 0.8 15 2.0 
05 20 1.2 - 6.4 
06 100 0.4 - <1 
07 100 0.8 - <1 
08 100 1.2 - <1 
09 500 0.4 - 6.6 
10 500 0.8 - 3.9 

11* 500 1.2 - 3.3 
12* 500 1.2 10 3.2 
13 500 1.2 15 2.8 
14 500 1.2 20 <1 

 

Photoresponsivity measurements were performed at the wafer level using a commercial system 
(Bentham PVE300) with the light intensity calibrated by a Ge reference detector (Bentham DH-Ge) 
over the 800–1800 nm range. The samples were contacted using a probe needle on the front side and an 
Aluminum foil on the back side. An additional SMU (Keysight 2401) was used to directly contact both 
ends of the front-side contacts to provide the bias voltage. Following reports that increased reverse bias 
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can enhance photoconductive gain, we performed initial measurements at a reverse bias of 20 V in the 
vertical configuration. This biasing assumes an n-type hyperdoped region on a p-type substrate. The 
AC photocurrent signal was pre-amplified by a transformer (Bentham 474) and detected using a lock-
in amplifier (Bentham 496). 

As shown in Fig.S2, while several devices demonstrate clear responsivity beyond the silicon bandgap 
(> 1100 nm) in the vertical mode (Fig.S2a), the signals in the lateral mode remain below the system 
detection limit (Fig.S2b). Furthermore, many devices in vertical mode exhibit a responsivity 
approximately three orders of magnitude higher at above-bandgap wavelengths (800–1100 nm) 
compared to 1550 nm. This significant difference explains why the imaging performance in the visible 
and near-infrared (NIR) regimes remains inherently superior to that achieved at sub-bandgap SWIR 
wavelengths. 

 

 

Fig. S2 | a, Spectral responsivity measured in vertical mode under −20 V bias for highlighted devices fabricated with (w.) 
and without (w.o.) ULH, together with additional process-parameter variations. b, Spectral responsivity measured in lateral 
mode showing no sub-bandgap responsivity with a pristine Si device used as a reference. Data was acquired under a 20 V 

bias, except for device 4, which was evaluated at 5 V to prevent saturation from excessive dark current.  

In lateral mode (Fig.S2b), the erratic fluctuations observed in the sub-bandgap regime, particularly the 
anomalously high values for device 14, are not intrinsic material responses. Rather, they are 
instrumental measurement artifacts occurring where the noise floor of the setup overwhelms the weak 
intrinsic photocurrent. The lateral configuration fails to exhibit a sub-bandgap photoresponse mainly 
due to an overwhelming parasitic dark current flowing through the highly conductive surface layer.  

By transitioning to a vertical architecture, the extraction path is redirected across the junction. This not 
only bypasses the conductive surface shunt but also drastically shortens the carrier transit distance, 
enabling efficient collection across a large active area. To isolate the influence of the ULH step on 
device performance, we focused our analysis on a representative pair of detectors fabricated under 
identical hyperdoping conditions, differing only by the application of the ULH treatment (highlighted 
in Fig.S2a). Although these specific devices do not represent the peak responsivity achieved in this 
study, they provide a controlled platform to decouple the effects of ULH from other processing variables.  
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Supplementary Text 3. Origin of improved performance in ULH-processed 
device 
The improved device-level performance (higher sub-bandgap photocurrent and lower dark current, 
particularly at +5 V) by the ultrafast laser heating (ULH)-processed detector in this work can be 
understood in the context of the previous systematic study of ULH17–19 on Si:S hyperdoped layers. 

Ultrafast laser hyperdoping of Si in chalcogen-containing atmospheres produces a highly 
non-equilibrium near-surface region with a substantial fraction of amorphous and heavily disordered 
silicon and very high local sulfur concentrations in the range of 1 at.%20. Raman measurements in 
prior work show that the as-hyperdoped state contains pronounced amorphous-Si signatures in the 50–
200 cm⁻¹ and 470–490 cm⁻¹ ranges, originating from the rapid resolidification of the laser-induced 
melt18. These amorphous phases are correlated with strong sub-bandgap absorption but also with 
increased defect scattering and dark (leakage) currents17. An “ideal” post-hyperdoping treatment 
should therefore reduce the non-crystalline fraction while preserving the high sub-bandgap 
absorptance. 

At the atomistic level, defect-engineering models for sulfur-hyperdoped silicon attribute sub-bandgap 
absorption mainly to deep-level sulfur monomers, which introduce energy states deep within the 
bandgap and enable sub-bandgap transitions, but do not supply significant free carriers (a source of 
dark current) at room temperature17,21–23. In contrast, shallower sulfur dimers and clusters introduce 
states closer to the band edges, so they contribute free carriers and dark conductivity but little or no 
sub-bandgap absorption17. Different fabrication and annealing routes are therefore expected to 
redistribute sulfur among monomer, dimer and cluster configurations, and in doing so jointly tune 
both the sub-bandgap absorptance and the dark conductivity. Within this framework, an optimal 
post-processing scheme is one that maximizes the fraction of optically active monomers while 
minimizing dimer/cluster-related leakage paths. 

Systematic post-treatment studies have shown that this balance is delicate. Many purely thermal or 
top-down etching routes do increase crystallinity, but often at the cost of a noticeable reduction in 
sub-bandgap absorptance20, consistent with sulfur diffusion and clustering. By contrast, the 
combination of controlled thermal diffusion and ULH has been found to move the material into a 
particularly favorable regime. Previous work17 shows after a thermal-diffusion step, all 
ULH-processed samples exhibit higher sub-bandgap absorptance than the as-lasered state, and even 
thermally “deactivated” samples can have their sub-bandgap absorption reactivated by a subsequent 
ULH step. At the same time, the same study identifies a group of ULH-treated samples (“Group 2”) 
with comparatively low and thermally stable sheet carrier densities and high carrier mobilities that 
change only weakly with further diffusion. Mobility analysis indicates that both a low 
amorphous-silicon fraction and a moderate charge-carrier density are crucial to achieving these high 
mobilities: reducing amorphous phases lowers defect scattering, while avoiding excessively high 
doping mitigates free-carrier scattering and dark conduction. On the defect level, these trends are 
consistent with ULH converting a significant fraction of dimers and clusters into monomers, thereby 
increasing the monomer concentration and stabilizing the optical and electrical properties against 
subsequent thermal processing. 

The ULH-processed device in this work is designed to operate in the same parameter regime as the 
favorable ULH-treated group reported previously: it retains strong sub-bandgap absorption around 
1550 nm, but with a more crystalline hyperdoped layer, a reduced amorphous fraction and a moderate 
carrier density, which together yield higher mobility and lower leakage17 but lower rectification ratio 
(Fig.2f) with less effective donor density. In contrast, the non-ULH device is expected to preserve 
more of the as-hyperdoped properties, i.e. a larger amorphous fraction and/or higher free-carrier 
density, and a less favorable distribution of sulfur among monomer, dimer and cluster states, leading 
to higher dark current in forward bias, stronger defect-mediated noise, and reduced effective mobility.  

Therefore, these material-level trends may provide a consistent explanation for the device-level results 
reported here: the ULH step drives the hyperdoped region towards a configuration with (i) strong 
sub-bandgap absorption, (ii) improved crystallinity and reduced amorphous content, and (iii) 
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moderate carrier density with high mobility. In terms of defect chemistry, this corresponds to a higher 
fraction of deep-level sulfur monomers and fewer dimer-/cluster-related leakage paths. This 
combination lowers dark-current-related noise without sacrificing responsivity, so that under forward 
bias (photoconductive mode) the ULH-processed detector achieves a more favorable balance between 
gain and noise, and thus higher specific detectivity. 

 

Supplementary Text 4. Stray lights affected dark I–V measurement 
 

Fig. 2e is not fully representative of the intrinsic dark current of the device and is partly an artefact of 
the initial measurement conditions. 

All I–V measurements in Fig. 2e were performed in a nominally light-tight enclosure; however, 
subsequent tests revealed that the measured “dark” current is likely overestimated due to residual 
background illumination. Possible sources include imperfect light sealing of the enclosure (e.g. small 
gaps at feedthroughs or door seams), scattered light from the 1550 nm beam path, and 
visible-wavelength indicator LEDs on the laser source and auxiliary equipment.  

We confirmed this observation by re-measuring I–V characteristics (the same sample number 12) by 
placing the sample in a grounded Faraday cage to further suppress both residual optical background 
and electromagnetic interference, and the resulting dark current is obviously lower as compared in 
Fig.S3. 

 

 

Fig. S3 | Dark current comparison under photocurrent (in a nominal dark box) and noise measurement 
(in a Faraday cage) setups. 

 

The physical reason for this difference is the hyperdoped-Si detectors exhibit significantly higher 
responsivity at above-bandgap wavelengths than at 1550 nm (Fig.S2). As a result, even weak stray 
visible lights can generate a measurable photocurrent. This stray-light-induced photocurrent adds to 
the genuine dark current and leads to an overestimation of the “dark” curve. 

Therefore, subtracting photocurrent solely from these DC sweeps using a standard SMU has 
fundamental limitations for weak sub-bandgap signals, especially when the testing environment 
contains weak stray lights with above-bandgap wavelengths. Specifically, there are two limitations: 



 

8 
 

(1) stray lights add to the dark current and therefore an underestimation of detectivity in general. (2) If 
the dark current is much higher than the photocurrent especially with higher bias voltage, the SMU is 
forced into a higher range which limits the separation of small signal for high DC current.  

 

Supplementary Text 5. Calculation of linear dynamic range (LDR) 
At a forward bias of +5 V, we characterized the photocurrent as a function of incident 1550 nm power 
over nearly three orders of magnitude, from 4.28 µW to 4.87 mW. The photocurrent 𝐼୮୦ was obtained 
by subtracting the dark current from the total current at each power level. 

A power-law fit of the form24 
𝐼୮୦ ∝ 𝑃ఈ 

over the range 4.28 µW–4.01 mW yields 𝛼 ≈ 0.97, indicating a nearly linear response across this 
interval. 

Using the minimum (𝐼୫୧୬) and maximum (𝐼୫ୟ୶) photocurrents in the linear response interval, we 
extract the linear dynamic range24 as 

LDR = 20log ଵ଴ ൬
𝐼୫ୟ୶

𝐼୫୧୬
൰ ≈ 59.4 dB. 

Note that, in this study, the lower bound 𝐼୫୧୬ is limited by the available attenuator, so the extracted 
LDR reflects the measurement window and should be interpreted as an apparent LDR rather than the 
intrinsic device capability24. 

 

Supplementary Text 6. Calculation of normalized photocurrent 
For the frequency response, we define a normalized photocurrent to compare the relative response 
under different conditions. 

The normalized photocurrent in decibels is given by24 

𝐼୮୦(dB) = 20log ଵ଴ ቆ
𝐼୮୦

𝐼୮୦,୫ୟ୶
ቇ , 

where 𝐼୮୦ is the measured photocurrent amplitude at the frequency or preamplifier setting of interest, 
and 𝐼୮୦,୫ୟ୶ is the maximum photocurrent amplitude observed under reference conditions (typically at 
low modulation frequency and/or at a high-sensitivity setting where the response is not 
bandwidth-limited). 

This normalization removes the absolute scaling of the signal and highlights the relative attenuation as 
a function of modulation frequency or preamplifier gain. This allows curves taken at different powers 
or sensitivities to be plotted on the same scale and compared directly. 

 

Supplementary Text 7. Calculation of empirical −3 dB cutoff frequency 
The rise (and fall) time recorded from the oscilloscope are defined as the intervals required for the 
signal to change from 10% to 90% (and 90% to 10%, respectively) of its steady-state amplitude24.  

For a first-order, linear low-pass system, the −3 dB cutoff frequency 𝑓ୡ (the frequency at which the 
output electrical power drops to 50% of its low-frequency value) can be approximately related to the 
10–90% rise time 𝑡୰ of the step response via the empirical relation25 

𝑓௖ ≈
0.35

𝑡௥
. 

We measured 𝑡௥ ≈ 70 µ𝑠 at 0 V and 𝑡௥ ≈ 166 µ𝑠 at +5 V (with similar fall times of 63 and 186 µs, 
respectively). Substituting these values yields 
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𝑓௖(0𝑉) ≈
0.35

70 × 10ି଺
≈ 5 kHz, 

𝑓௖(5𝑉) ≈
0.35

166 × 10ି଺
≈ 2.1 kHz, 

Although the illumination is square-wave modulated (so each period contains multiple harmonics), 
the rising and falling edges still approximate step excitations. The 10–90% edge times therefore 
provide a suitable empirical basis for estimating 𝑓ୡ, and the resulting values are in reasonable 
agreement with the cutoff frequencies obtained directly from the frequency-response measurements 
(Fig. 3f). 

 

Supplementary Text 8. Noise measurement and specific detectivity 
determination   
This section describes how the current-noise spectra shown in the main text are extracted from 
time-domain oscilloscope data using FFT-based methods, as schematically shown in Fig.S4. The 
procedure follows standard practice in spectral noise analysis. Note that during noise measurement, 
the sample was placed in a dark Faraday cage without stray lights and I-V was also measured with a 
SMU for theoretical noise floor calculation.  

 

Fig. S4 | Schematic illustrating the procedure used to convert oscilloscope voltage noise to input-
referred current-noise density through Fast Fourier Transform (FFT) analysis. 

The detector–preamplifier output was connected to a digital oscilloscope, which sampled the noise 
voltage 𝑣୬(𝑡௞) at 6.25 kS/s over a total acquisition time of 20 s, yielding a discrete time series 
with 𝑡௞ = 𝑘Δ𝑡, where Δt = 1/6.25 kHz is the sampling interval and 𝑘 is an integer index.  

The sampling rate is 𝐹௦ = 1/Δ𝑡, and the corresponding Nyquist frequency, which sets the highest 
resolvable frequency, is 𝑓୒୷୯ = 𝐹௦/2. All spectra are therefore defined on the interval 0 ≤ 𝑓 ≤ 𝑓୒୷୯. 
Before spectral analysis, we remove slow drifts that may otherwise contaminate the low-frequency 
noise. First, the global DC offset is subtracted by replacing 𝑣(𝑡௞) with 𝑣ᇱ(𝑡௞) = 𝑣(𝑡௞) − ⟨𝑣⟩, 
where ⟨𝑣⟩ is the time-averaged mean. Second, for each analysis segment used in the FFT, we detrend 
by subtracting a best-fit line, 𝑣௦(𝑛) → 𝑣௦(𝑛) − (𝑎𝑛 + 𝑏). This suppresses slow thermal or bias drift 
and prevents it from dominating the lowest Fourier bins. 

To obtain a statistically reliable estimate of the spectrum, we employ Welch’s method26 rather than a 
single FFT of the entire record. The detrended time series is divided into 𝐾 overlapping segments of 
length 𝐿. For each segment we apply a window function, compute its discrete Fourier transform, form 
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a one-sided power spectral density (PSD), and then average the PSDs over all segments. 
If 𝐾 segments are averaged, the relative standard deviation of the PSD magnitude scales 
approximately as 𝜎ௌ/𝑆 ≈ 1/√𝐾, so increasing the number of segments reduces the estimator variance. 
We use a Hann window, 

𝑤(𝑛) = 0.5 ൤1 − cos ൬
2𝜋𝑛

𝐿 − 1
൰൨ , 𝑛 = 0, … , 𝐿 − 1, 

and normalize the PSD by the mean-square window power, 

𝑈 =
1

𝐿
෍ 𝑤ଶ

௅ିଵ

௡ୀ଴

(𝑛), 

which ensures that the resulting spectrum has the correct units and correctly represents the noise 
power per unit bandwidth. 

For each segment, the one-sided voltage PSD is computed as 

𝑆௩௩(𝑓௞) =
2

𝐹௦ 𝐿 𝑈
  ∣ 𝑋(𝑓௞) ∣ଶ, 

with units of V²/Hz, where 𝑋(𝑓௞) is the discrete Fourier transform of the windowed segment. The 
corresponding voltage noise density (amplitude spectral density) is 

𝑣௡(𝑓) = ඥ𝑆௩௩(𝑓), 
with units of V/√Hz. The preamplifier is operated in transimpedance mode with a specified 
“sensitivity” 𝑆 in A/V, which corresponds to a nominal transimpedance 𝑍௧ = 1/𝑆 (V/A). Assuming 
that the gain is approximately flat over the analysis band, the current-noise density is obtained from 

𝑖௡(𝑓) =
𝑣௡(𝑓)

𝑍௧
= 𝑠 𝑣௡(𝑓), 

with units of A/√Hz. This is the quantity plotted and analysed in the main text. 

The frequency resolution is set by the segment length. For a segment of 𝐿 points sampled at 𝐹௦, the 
frequency spacing is Δ𝑓 = 𝐹௦/𝐿 = 1/𝑇ୱୣ୥, where 𝑇ୱୣ୥ = 𝐿/𝐹௦ is the segment duration. In practice, the 
lowest usable frequency is limited both by the total record length and by detrending; we typically 
take 𝑓୫୧୬ ≈ max (1/𝑇୰ୣୡ, 5 Δ𝑓), where 𝑇୰ୣୡ is the total acquisition time, to avoid bins strongly 
affected by detrending and windowing. At the high-frequency end, we restrict our analysis to 𝑓୫ୟ୶ ≈
0.8 𝑓୒୷୯, leaving margin below Nyquist to avoid aliasing and window-edge artefacts. 

To characterize the noise over a finite frequency band [𝑓ଵ
, 𝑓ଶ], we define a band-integrated 

current-noise density by integrating the squared spectral density 𝑖୬(𝑓) and normalizing by the 
bandwidth: 

𝑖୬,ୠୟ୬ୢ = ඨ
1

𝑓ଶ − 𝑓ଵ
න 𝑖୬

ଶ
௙మ

௙భ

(𝑓) d𝑓. 

This quantity has units of A Hzିଵ/ଶ and represents the equivalent white-noise density that would 
produce the same total noise power over the band [𝑓ଵ

, 𝑓ଶ]. 

In practice, the spectra are approximately flat (white) over the bands of interest, so we 
estimate 𝑖୬,ୠୟ୬ୢ by taking the average of 𝑖୬(𝑓) within the band and using the standard deviation as an 
uncertainty measure.  

Using the sensitivity-dependent 𝑖୬,ୠୟ୬ୢ(𝑆), together with the responsivity 𝑅(𝑆) obtained from the 
photocurrent measurements and the detector active area (𝐴 = 0.49 cmଶ) , we compute the specific 
detectivity 

𝐷∗(𝑆) =
𝑅(𝑆) √𝐴

𝑖୬,ୠୟ୬ୢ(𝑆)
 

for both high and low incident powers at 1550 nm. In this formulation, 𝐷∗ is expressed in Jones 
(cm Hzଵ/ଶ Wିଵ). 
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Supplementary Text 9. Calculation of specific detectivity from I–V 
measurement and limitation  
To determine the detector noise floor, we calculate shot noise and thermal (Johnson-Nyquist) noise 
from dark I–V measurement, and combine these contributions in quadrature: 

𝑖୬ = ට𝑖ୱ୦୭୲
ଶ + 𝑖୲୦

ଶ , 

with 

𝑖ୱ୦୭୲ = ඥ2𝑞𝐼ୢୟ୰୩, 𝑖୲୦ୣ୰୫ୟ୪ = ඨ
4𝑘୆𝑇

𝑅ୢ
. 

Here, 𝑞 is the elementary charge, 𝐼ୢୟ୰୩ is the dark current at the bias of interest, 𝑘୆ is Boltzmann’s 
constant, 𝑇 is the absolute temperature, and 𝑅ୢ is the differential resistance extracted from the slope 
of the dark I–V curve at that bias: 

𝑅ୢ(𝑉) = ฬ
d𝐼ୢୟ୰୩

d𝑉
ฬ

ିଵ

. 

We note that at lower modulation frequencies, additional noise sources such as 1/f noise and trap-
related generation–recombination noise27 may further increase the low-frequency noise. However, in 
our measurements, detectivity is evaluated for applications involving modulated optical signals in the 
kHz range, with shot noise becoming dominant at large bias and thus high dark current. Therefore, our 
approach results in a lower limit of the noise floor when the device operates at white noise plateau.  
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