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Technology Introduction
CMOS single-photon counting detectors count single photons. They are able to do this because of their design. They are becoming increasingly relevant in astronomy. I am interested in astronomy.
Completed Work
This section describes the HWK4123 characterization program, including the hardware, software, and data analysis.
[bookmark: _Ref220579104]Dark Current
We have measured the dark current of the HWK4123 at different temperatures. The dark current is low. However, we encounter a dark current plateau and we notice glow in the detector. We need to understand why these are happening.
Read Noise
We have measured the read noise of the HWK4123. The read noise is low.
Crosstalk
We have measured the crosstalk of the HWK4123. The crosstalk is low.
Conversion Gain and the Capacitance of the Floating Diffusion
We have measured the conversion gain of the HWK4123 for different programmable gain settings and the capacitance of the floating diffusion. They are appropriate for the sensor.
83–0.95 for CMOS detectors [1] [2]. 
Quantum Efficiency
We have measured the quantum efficiency of the sensor. We have not yet corrected for linearity or for quantum yield. We have a path forward to correct for linearity. We do not have a path forward for quantum yield but we are investigating it.

Persistence
We have measured persistence for the sensor. The persistence is low, but it is not corrected for linearity. The persistence itself may be an effect linked to linearity.
[bookmark: _Ref220510235]Laboratory Measurements Results
[bookmark: _Ref222411678]Dark Current
The dark current measurements are shown in Figure 1. The left panel shows the median signal of pixels in the analysis region, represented by the black dots. The red line is a fit to the dark signal as a function of time, with a slope of 0.00054 e−/s/pixel. The right panel is a histogram of the DC evaluated for each pixel in the analysis region. The figure includes a cumulative curve that shows the histogram contains 99% (y-axis on the right) of all pixels within the analysis region. The red line is the mean value of a Gaussian fit to the distribution, giving a DC of 0.0005 e−/s/pixel at 202 K.
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	[bookmark: _Ref213863031]Figure 1. (left) The plot shows the median dark signal as a function of time at 202 K. The black points are the median dark signal of all pixels in the analysis region. The red line is a fit to the signal as a function of time. The slope of the red line is the DC of 0.00054 e−/s/pixel. (right) The plot shows the histogram of DC per pixel at 202 K. The y-axis on the left is the number of pixels per DC bin on the x-axis. The y-axis on the right is the cumulative percentage of pixels up to a DC bin. The vertical red line is the mean of a Gaussian fit to the distribution, which has a DC value of 0.0005 e−/s/pixel.
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	[bookmark: _Ref221706254]Figure 2. The plot shows the total noise histogram. The y-axis on the left is the number of pixels per total noise bin on the x-axis. The y-axis on the right is the cumulative percentage of pixels up to a total noise bin. The red line is the mean of a Gaussian fit to the distribution, which gives a read noise of 0.19 e−/pixel.

	


[bookmark: _Ref222411682]Read Noise
The total noise distribution is shown in Figure 2. Read noise dominates the total noise when the DC shot noise is negligible. The histogram in Figure 2 shows the RN distribution using the standard deviation of the signal in each pixel at a temperature of 202 K. The smooth black curve shows the cumulative percentage of pixels up to a given read noise bin. The red line is the mean value of a Gaussian fit to the distribution, giving an RN of 0.19 e−/pixel. The distribution has a hot tail typical of CMOS SPCDs [3] [4].
Conversion Gain and FD Capacitance 
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	[bookmark: _Ref213864260]Figure 3. The plot shows PTCs for all programmable gains. The y-axis is the variance in signal in ADU. The x-axis is the signal in ADU. The inverse slope of the linear region is CGsys.

	


We measure CGsys using the PTE to get the inverse slope of a fit to the linear region of the PTC. Figure 3 shows PTCs for all programmable gains of the HWK4123. The black curve is 32× gain, the dark blue curve is 16× gain, the light blue curve is 8× gain, and the red curve is 1× gain. Each dot in the curves represents the median dark-subtracted signal for all pixels in the analysis region. The PTCs show that the detector output value reaches the maximum of the ADC sampling range (4,095 ADU), which is limited by the voltage swing at the FD and does not reach physical saturation [5]. Note that the x-axis in Figure 3 shows the dark-subtracted signals. We divide 4,095 ADU by CGsys to obtain the number of electrons at the maximum output value, listed as Nelec in Table 1. The team is investigating methods to measure physical saturation at all gains by changing the voltage level at TG.
We then measure CGmeasured and multiply by CGsys to calculate CGFD using Error! Reference source not found. and εcoupling = 0.94. We derive CGelec using Error! Reference source not found., CGmeasured, εcoupling = 0.94, and GSF = 0.9. We calculate CFD using Error! Reference source not found. and CGFD. Table 1 compiles measurements of CGsys and CGmeasured, and derived values for CGelec, CGFD, CFD, and Nelec for all programmable gains of the HWK4123.
	

	
	CGsys [ADU/e−]
	CGmeasured [μV/ADU]
	CGelec
[μV/ADU]
	CGmeasured ×CGsys[μV/e−]
	CGFD
[μV/e−]
	CFD
[fF] 
	Nelec
[e−]

	Gain: 32×
	15.6
	11.6
	9.8
	181.2
	170.3
	0.94
	~256

	Gain: 16×
	7.9
	22.8
	19.3
	180.5
	169.7
	0.94
	~504

	Gain: 8×
	4.0
	45.6
	38.6
	180.6
	169.8
	0.94
	~1,010

	Gain: 1×
	0.5
	361.1
	305.5
	180.6
	169.8
	0.94
	~8,000

	[bookmark: _Ref219348918]Table 1. This table lists measurements for CGsys and CGmeasured, and derived values for CGmeasured × CGsys, CGelec, CGFD, CFD, and Nelec, for all programmable gains of the HWK4123.
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	[bookmark: _Ref214005155]Figure 4. The curve shows the HWK4123 QE measured at 253 K with the QUEST system. The red line marks the peak QE of 88% at 485 nm.

	


The QE shown in Figure 4 is measured with the QUEST system. The peak QE is 88% at 485 nm as shown by the red line. In addition, QE is above 80% from 410 nm to 570 nm. The central wavelengths of the measurements have a spacing of 5 nm. Each black dot in Figure 4 represents the median value of the QE of all pixels in the analysis region, at 253 K. At wavelengths shorter than 400 nm, the probability of producing more than one electron increases (QY greater than unity). The team is actively investigating QY corrections to QE below 400 nm by following the work of [6].
Crosstalk
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	[bookmark: _Ref214008133][bookmark: _Ref219275449]Figure 5. The panel shows the crosstalk for the HWK4123.

	


We measure crosstalk using the ratio of the signal in pixels surrounding a central pixel affected by an HEE. Figure 5 shows the mean value of these ratios for ~66,000 events, with the central pixel normalized to 100%. Crosstalk is negligible for the HWK4123 when compared to dominant noise terms under assumed observing conditions (i.e., dark current, read noise, zodiacal and exozodiacal dust), and will not be a concern for a flagship mission such as HWO.
Persistence
We measure persistence as the residual signal in a pixel following a reset. We use a pulsed laser attached to the QUEST camera to illuminate the HWK4123 to an initial fluence of ~5100 e−, which is ~70% of the maximum signal measurable with the QUEST camera using dual-gain mode operation. After 0.5 s, only 0.02% of the initial signal remains (~1 e−) in the first dark frame after the pulse. This level of persistence is negligible, especially when considering that target slews in space observatories (such as HWO) provide ample time to continuously read out and clear the pixels, such that persistence will not limit observations.
Simulated Observation of an Earth-like Exoplanet
This section describes a simulated observation of an Earth-like exoplanet orbiting a Sun-like star. We use the open-source code exoVista [7] to contextualize the HWK4123’s performance for HWO. ExoVista is a comprehensive exoplanetary system simulation tool that includes a default Solar System analogue with system inclination and contamination from zodiacal dust (ZD) and exozodiacal dust (XZD). We simulate an HWO-like observation for biosignatures in the reflected and emitted spectrum of an exoplanet atmosphere. We use the built-in parameters and spectra in this work, with data sources listed in Table 1 of [7].
We define astronomical signal sources as light from the exoplanet, host star, ZD, and XZD. ExoVista outputs the spectral flux in Janskys (Jy) for the star, ZD, and XZD, while it provides the contrast ratio spectrum for the exoplanet. We recover the exoplanet flux by multiplying its contrast ratio spectrum by the host star flux. The Solar System analogue is 10 pc away, and the telescope diameter is 6 m. We propagate the flux from astronomical sources (F) through LUVOIR’s ECLIPS-A instrument (see Figure 8-27 of [8]) in the absence of an HWO optical diagram. The end-to-end throughput (TP) is 26% with values described in Appendix A, which is similar to the 27% TP reported in Figure 3 of [9] for the same instrument. We convert the flux from Jy to a number of photons per second per wavelength using F, the telescope area (AT), TP, the photon energy (hc/λ), and the frequency-to-wavelength conversion (c/λ2). We integrate to the number of photons per second per channel (SexoV) using the exoVista data channel spacing (ΔλexoV), with the general form shown in Eq. 1:
	
	 
	[bookmark: _Ref220501150]Eq. 1


Then, we rebin these channels to match the baselined ECLIPS-A spectral resolution (R=λ/Δλ=140) at visible wavelengths. We use weights (ωi, from 0 to 1) to redistribute photons from exoVista channels into the ECLIPS-A channels since their boundaries do not align perfectly. The general form S of the rebinned channels is given in Eq. 2:
	
	
	[bookmark: _Ref220501080]Eq. 2


We calculate the signal-to-noise ratio (SNR) as a function of time when observing a target biosignature in the Earth’s spectrum. Table 2 describes the quantities used to calculate the SNR of the observed biosignature in Eq. 3. First, we multiply the signal of astronomical sources from Eq. 2 by the detector QE and time, and adopt the baselined HWO coronagraph contrast ratio of 10-10 to block the stellar light [10]. Then, we compute shot noise from astronomical sources and detector DC using Poisson statistics. The detector RN scales with the number of frames, and adds in quadrature with the shot noise contributions.
We determine the number of pixels per spectral channel (denoted p) by following the method described in [11]. Similar to LUVOIR, [11] assumes the integral field spectrograph lenslet array is Nyquist sampled at 500 nm, such that p = Nlenslet × Ndispersed, assuming Nlenslet = 4(λchar/500 nm)2 and Ndispersed = 6(140/R). We get p = 55 pixels for λchar = 760 nm and R = 140.
We assume an integration time of 250 s per frame to limit the effects of cosmic rays to ~1% of the pixel array. HWO will orbit at the Sun-Earth Lagrange Point 2 (L2), where JWST measurements show a shielded cosmic ray event rate of ~2.3 ions/cm2/s near solar maximum [12]. A typical event affects 7.1 pixels in JWST’s 18 µm-pitch H2RG detectors, which scales by area to ~100 HWK4123 pixels. The HWK4123 has an active area of ~2 cm2, implying ~1150 cosmic ray events in a 250 s exposure and contamination of ~1% of its 9.4 Mpixels. We calculate the number of frames (n) by dividing the total integration time (t) by 250 s, and use a step size of 250 s to avoid fractional frames.
	

	Symbol
	Quantity Description
	Units
	Notes

	SP
	Signal from exoplanet
	γ/s/channel
	from Eq. 2

	SZD
	Signal from zodiacal dust
	γ/s/channel
	from Eq. 2

	SXZD
	Signal from exozodiacal dust
	γ/s/channel
	from Eq. 2

	SS
	Signal from host star
	γ/s/channel
	from Eq. 2

	KCR
	Coronagraph contrast ratio
	dimensionless
	following [10]

	QE
	Detector quantum efficiency
	e−/γ
	from Section 3.4

	DC
	Detector dark current
	e−/s/pixel
	from Section 3.1

	RN
	Detector read noise
	e−/pixel
	from Section 3.2

	p
	Number of pixels
	pixel
	following [11]

	n
	Number of frames
	dimensionless
	n = t / 250 s

	t
	Total integration time
	s
	step size = 250 s

	[bookmark: _Ref220510571]Table 2. This table lists the quantities used to determine SNR in Eq. 3.

	


We select the O2-A band at 760 nm as the target biosignature in the Earth’s spectrum. Detecting the O2-A band requires a spectral resolution of R~140 [13], which is assumed for Eq. 2. For Earth, the presence of the O2-A band is due to a biological process: photosynthesis. As such, O2 may reveal the presence of a biosphere in exoplanets, with a careful treatment of false positives [14] [15] [16] [17] [18].
	
	
	[bookmark: _Ref219336792]Eq. 3



We present results for four cases that explore the parameter space of Eq. 3:
1) using only the signal from the planet (item 1 in Table 2), 
2) using only the signal from astronomical sources (items 1–5 in Table 2), 
3) using all parameters with the baseline HWO detector specifications (all of Table 2), and 
4) using all parameters with the measured HWK4123 detector performance (all of Table 2).
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	[bookmark: _Ref219350183]Figure 6. The plot shows integrated spectra of the Earth during different life-bearing eons. The y-axis is the number of photons per second per spectral channel (S), and the x-axis is the corresponding channel wavelength. The black curve corresponds to modern Earth and is labeled with biosignatures.

	


The exoplanet observation simulation results include the spectral photon flux and the SNR as a function of time when resolving the O2-A band at 760 nm. Figure 6 shows the exoplanet flux per channel for different life-bearing eons of the Earth. The red curve represents the Earth’s atmosphere during the Archean eon, which was largely anoxic and likely methane-rich. The blue curve represents the Earth’s atmosphere for the Proterozoic eon, following the Great Oxygenation Event when atmospheric oxygen became detectable. The modern Earth spectrum (Phanerozoic) is shown in black and labeled with prominent biosignatures such as O3, O2, H2O, and the vegetation red edge (VRE). The VRE is caused by land vegetation that absorbs visible light primarily through chlorophyll a and b, scatters light internally and externally due to the structure of leaves, and strongly reflects infrared light [19]. The O2-A band in the modern Earth spectrum is a narrow and deep absorption line, with a full-width at half maximum of ~5 nm [20]. In this observation, only ~7 photons per hour reach the detector from the central part of the O2-A band, while ~28 photons per hour arrive from the continuum, which gives the O2-A band an equivalent width of ~1.25 nm.
The left panel of Figure 7 shows the SNR achieved (SNRachi) for an O2-A band observation as a function of time, for each case listed above. The black curve only considers signal from the planet, and the dark blue curve only considers signal from astronomical sources (planet, star, zodiacal and exozodiacal dust). Thus, the planet and astronomical curves assume perfectly noiseless detectors. The light blue curve uses all parameters in Eq. 3 with the baselined HWO detector performance, while the red curve uses the HWK4123 detector performance. Comparing the black and dark blue curves explains the need for a coronagraph to suppress starlight, since ZD and XZD contributions (along with leaking starlight) still significantly decrease SNRachi. Comparing the dark and light blue curves explains HWO’s demanding detector performance specifications, which seek to minimize the degradation of SNRachi. Finally, comparing the light blue and red curves proves that current state-of-the-art CMOS SPCDs require development, but also suggests that the measurements are reasonably possible with current technology. For 55 pixels, HWO reaches SNR=5 in 1.37 days, while the HWK4123 would require 10.1 days. Current CMOS SPCDs can detect the O2-A band, but require more time per observation, which would reduce the total number of observations possible for a fixed mission lifetime.
The right panel of Figure 7 shows the amount of time needed to reach SNR=5 for the O2-A band based on the number of pixels used per spectral channel (p). For instance, using 16 pixels for the 760 nm spectral channel leads to an integration time of 0.5 days for HWO and 1.5 days for the HWK4123 to reach SNR=5, highlighting the coupled impact of detector performance and optical design on the mission.
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	[bookmark: _Ref223006380]Figure 7. (left) The plot shows SNR as a function of time for different observing scenarios. (right) The plot shows the amount of time needed to reach SNR=5 for the O2-A band based on the number of pixels used per spectral channel.

	


Work that Remains
Understanding Low Signal Nonlinearity (LSNL)
While low signal nonlinearity is clearly observed, what is causing it? Is it canonical traps that are defects in the material? Is it unintended secondary potential wells that form during charge transfer, during transfer gate operation, or some other time? Where is this effect located, and can we figure that out? Is the effect dependent on temperature, wavelength, or programmable gain setting? How can we tell this apart from quantum efficiency and quantum yield, since these quantities also effect the translation from “number of photons that arrive at the sensor” to “number of electrons reported in the FITS file?”
Understanding the Dark Current Plateau and Glow (Multiplexer and Unit Cell)
Not much is known about the dark current plateau for silicon sensors. Are we hitting a physical limit of the material? Is the system in which the sensor finds itself too bright in the optical? Is the multiplexer glow enough to cause the dark current plateau for the entire sensor? Can there be unit cell glow at play? Under what circumstances would MOSFETs used in SPSCMOS emit light? Do we meet these conditions? Can we break the dark current plateau, since the lowest dark current we can measure is only as low as the system is dark?
Leveraging Single-Photon Counting to Introduce Rounding Step Using Bit Error Rate to Improve SNR
Because we have single-photon counting detectors, the device will report a floating point number of electrons. However, because the read noise is low, the bit error rate is also low. As such, we can assign the floating point number of electrons with a degree of certainty (the bit error rate) to integer electron numbers. In doing so, the uncertainty associated with the measurement is no longer the analog read noise, but it is the error of a Bernoulli trial: either we assigned the correct integer number of electrons, or we did not, and the “likelihood of failure” is equal to the bit error rate. As such, we are developing and investigating the validity of this processing method of information, which may provide a software boost to a technological limit and circumvent the need for R&D by using intelligent signal processing.

Conclusion
The Habitable Worlds Observatory will need improved detector technology to achieve its science goals. CMOS SPCDs satisfy some of the detector specifications for read noise, dark current, and quantum efficiency. Specifically, the HWK4123 is a photon-number-resolving detector with a dark current of 0.0005 e−/s/pixel, a read noise of 0.19 e−/pixel, a quantum efficiency above 80%, and negligible persistence and crosstalk. These results indicate that CMOS SPCDs represent a credible and technologically mature pathway toward development for HWO. Part of that development includes the completion of our ongoing on-sky testing program at a telescope, and radiation testing for an equivalent irradiation dose at L2, where HWO would orbit. As such, the continued development of CMOS SPCDs offers a clear path to reducing detector risk for future HWO instruments.
APPENDIX A
The Habitable Worlds Observatory will have a coronagraph and spectrograph instrument for exoplanet direct imaging and spectral analysis. To simulate an exoplanet observation with HWO, we estimate the end-to-end throughput of the system using the LUVOIR ECLIPS-A design. Table 3 lists the LUVOIR ECLIPS-A optical components and their assumed efficiencies at 760 nm.
	

	Component
	Material
	Type
	Efficiency

	Primary Mirror
	Al + eLIF + MgF2 [21]
	Reflective - Powered Optic
	0.88

	Secondary Mirror
	Al + eLIF + MgF2
	Reflective - Powered Optic
	0.88

	Tertiary Mirror
	Al + eLIF + MgF2
	Reflective - Powered Optic
	0.88

	Fast Steering Mirror
	Al + eLIF + MgF2
	Reflective - Flat Optic
	0.88

	Pupil Relay 1
	Al + MgF2 [21]
	Reflective - Powered Optic
	0.88

	Pupil Relay 2
	Al + MgF2
	Reflective - Powered Optic
	0.88

	Fold Mirror 1
	Al + MgF2
	Reflective - Flat Optic
	0.88

	UV/Vis Dichroic
	using Thorlabs DMLP425T [22]
	Dichroic (trans.) - Flat Optic
	0.97

	Vis/NIR Dichroic
	using Thorlabs DMLP900T [23]
	Dichroic (refl.) - Flat Optic
	0.99

	Deformable Mirror 1
	Ag [24]
	Reflective - Flat Optic
	0.99

	Deformable Mirror 2 
	Ag
	Reflective - Flat Optic
	0.99

	Off-Axis Parabola 1
	Ag
	Reflective - Powered Optic
	0.99

	Fold Mirror 2 
	Ag
	Reflective - Flat Optic
	0.99

	Off-Axis Parabola 2
	Ag
	Reflective - Powered Optic
	0.99

	Apodizing Mask
	Ag
	Reflective - Flat Optic
	0.99

	Off-Axis Parabola 3
	Ag
	Reflective - Powered Optic
	0.99

	Focal Plane Mask
	using [25]
	Transmissive - Flat Optic
	(0.995)2

	Off-Axis Parabola 4
	Ag
	Reflective - Powered Optic
	0.99

	Lyot Stop
	using [26]
	Transmissive - Flat Optic
	0.9

	Spectral Filter
	using BBAR BARC-11 [27]
	Transmissive - Flat Optic
	(0.995)2

	Relay Mirror 1
	Ag
	Reflective - Powered Optic
	0.99

	Relay Mirror 2
	Ag
	Reflective - Powered Optic
	0.99

	Lenslet & Pinhole Array
	using [28]
	Transmissive - Flat Optic
	0.95 × 0.975

	Field Lens
	using BBAR BARC-11
	Transmissive - Powered Optic
	(0.995)2

	Collimating Triplet (1)
	using BBAR BARC-11
	Transmissive - Powered Optic
	(0.995)2

	Collimating Triplet (2)
	using BBAR BARC-11
	Transmissive - Powered Optic
	(0.995)2

	Collimating Triplet (3)
	using BBAR BARC-11
	Transmissive - Powered Optic
	(0.995)2

	Dispersing Prisms (1)
	using BBAR BARC-11
	Transmissive - Flat Optic
	(0.995)2

	Dispersing Prisms (2)
	using BBAR BARC-11
	Transmissive - Flat Optic
	(0.995)2

	Dispersing Prisms (3)
	using BBAR BARC-11
	Transmissive - Flat Optic
	(0.995)2

	Imaging Triplet (1)
	using BBAR BARC-11
	Transmissive - Powered Optic
	(0.995)2

	Imaging Triplet (2)
	using BBAR BARC-11
	Transmissive - Powered Optic
	(0.995)2

	Imaging Triplet (3)
	using BBAR BARC-11
	Transmissive - Powered Optic
	(0.995)2

	Fold Mirror 4
	Ag 
	Reflective - Flat Optic
	0.99

	Throughput
	0.26

	[bookmark: _Ref220895626]Table 3. This table lists LUVOIR ECLIPS-A instrument components for the visible band optical path (see Figure 8-27 of [8]) and their material efficiencies. Note that materials marked as “using” were not specified by [8].
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