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Theory leads to understanding, and technology development leads to discovery. One example is the work recognized by the 2020 Nobel Prize in Physics for the discovery of a supermassive compact object at the center of our galaxy, the supermassive black hole (SMBH) Sagittarius A*. Theory provided the framework for understanding the existence of an SMBH at the Galactic Center, while the development of telescopes and infrared detectors enabled observations of stellar orbits near Sagittarius A* and provided compelling evidence for its presence. The same relationship between theory, technology, and discovery will be important in the search for habitable worlds. Theory suggests that the conditions that led to life on Earth may exist on other planets around other stars, while improvements in detectors, telescopes, coronagraphs, and spectrographs have increasingly enabled the study of exoplanets and their atmospheres.
The Habitable Worlds Observatory (HWO) will build on these advances to address some of the largest astrophysical questions of this decade: Is there life on other planets? What are the drivers of galactic growth? What is the evolution of elements over cosmic timescales? How does the Solar System compare with other stellar systems? Answering these questions will require exquisite technologies capable of achieving the sensitivity and stability necessary for HWO observations. As the HWO Technology Maturation Program Office begins activities to ensure mission success, NASA, industry, and academic institutions are developing and characterizing technologies that may enable these observations. 
As part of this effort, and supported by multiple NASA grants, I am characterizing and developing CMOS single-photon counting detectors (SPCDs). Specifically, I am working with the Fairchild Imaging HWK4123 CMOS SPCD. The central question motivating this work is whether CMOS SPCDs can achieve the performance required for HWO. Addressing this question requires understanding the current performance of state-of-the-art CMOS SPCDs, identifying previously uncharacterized behaviors and limitations, determining whether detector performance can be improved, and investigating computational methods that can improve the final results of data reduction. 
To establish the current performance of the HWK4123, we have led an extensive characterization campaign. We have measured dark current, read noise, crosstalk, conversion gain, floating diffusion capacitance, quantum efficiency, persistence, and have conducted radiation exposure and on-sky observing programs. We are investigating additional detector behaviors and analysis methods, including low-signal nonlinearity, glow, quantum yield, and the impact of applying a rounding step during data reduction. The following sections introduce the detector technology, present the characterization results, and describe the remaining work of this thesis.
Technology Introduction
The HWK4123 is a CMOS SPCD using five-transistor (5T) pixels. Each pixel has a pinned photodiode (PPD) that collects photoelectrons and five transistors that control charge transfer and readout. First, the transfer gate (TG) is turned on to transfer any unknown charge from the PPD to the floating diffusion (FD) while the reset gate (RG) resets the voltage on the FD. The TG is then turned off, followed by the RG, so that the voltage on the FD is the reset-level voltage. The pixel is now prepared for the reset-level measurement of the voltage on the source follower (SF), which follows the voltage level of the FD. The reset-level measurement is the first of two in the correlated double sampling (CDS) sequence. When this first measurement is completed, the pixel is now entering the integration phase. The pixel accumulates photoelectrons in the PPD during integration. When integration is completed, the TG once again transfers charge from the PPD to the FD. The signal of the SF, which is coupled to the voltage of the FD, is measured and provides the second measurement of the CDS sequence. This completes one measurement cycle for the pixel, from which the cycle begins again at the start of this paragraph.

The reason why these detectors are able to count single photons is because they have a FD capacitance that is very small, and this produces a voltage response to a single charge carrier that far exceeds the voltage level of the read noise of the pixel. As such, we are able to produce a photon counting histogram for repeated signal samples, for every pixel. The PCH has a series of distinct features corresponding to resolved electron numbers. Each feature is an ensemble of signal samples that are assigned to a specific electron number but span a width in values expressed in analog-to-digital units (ADUs). This width depends primarily on the read noise. In fact, read noise affects the bit error rate, which is the probability of assigning the wrong electron number to a measurement.24,25 The separation between the centers of these features depends on the system conversion gain (ADU∕e−). Therefore, a PCH shows resolved electron numbers for low read noise detectors with high conversion gain.

CMOS SPCDs, and the HWK4123 specifically, have become increasingly relevant in astrophysics. Multiple ground-based observatories have adopted the HWK4123, such as VAPMIRES on Subaru, Clay Magellan, Ben’s telescope, and others. Furthermore, it has been selected for the upcoming Lazuli Space Observatory. Clearly, CMOS SPCDs perform similarly to other SOTA silicon-based detectors, such as electron multiplying charge-coupled devices (EMCCDs) and skipper CCDs. Table 7 presents the performance of different CMOS SPCDs, EMCCDs, and skipper-CCDs. 
The following section compares the measured performance of the HWK4123 to the current HWO specifications at Technology Readiness Level 5 and contextualizes the HWK4123 with other state-of-the-art detectors in the NUV/visible and visible range, listed in Table7. The HWK4123 performance values partially satisfy HWO’s current detector specifications. The DC and RN are well below the NUV/visible specifications but are ∼5× and ∼2× larger than the threshold for the visible range coronagraph, respectively. The HWK4123 QE satisfies the visible range specifications from 410 to 570nm. We provide suggestions to improve DC, RN, and QE in Sec.5.2. The HWK4123 performance is comparable to the QIS, EMCCDs, and skipper-CCDs for the values listed in Table7. However, skipper-CCDs can read nondestructively and lower the read noise of a measurement with correlated multiple sampling. The pixel architecture of the HWK4123 does not permit nondestructive reads, but future CMOS SPCD designs can account for this. It is important to consider other detector performance metrics beyond those compiled in Table7, such as the detector operating conditions, the pixel and readout architecture, and noise specific to a technology. CMOS SPCDs offer significant advantages over EMCCDs and other photon-counting technologies for space instruments. CMOS SPCDs have deep sub-electron read noise through small-capacitance sense nodes and direct-readout architectures. 67,68 This enables single-photon detection and photon-number resolution at room temperature without requiring avalanche gain. 69 Unlike CCD technologies, CMOS devices use a direct-readout architecture that eliminates pixel-to-pixel charge transfer. This avoids radiation-induced charge transfer inefficiency, which is critical for long-duration NASA missions in high-radiation environments, such as L2 or the Jovian system. 68,70,71 In CCDs, radiation-induced traps capture and release signal charge during transfer, causing image trailing, flux loss, and systematic errors, particularly for faint objects. For example, radiation-induced charge traps within the Hubble Space Telescope’s Advanced Camera for Surveys Wide Field Channel capture and release signal charge during pixel-to-pixel transfer.72–74 This disproportionately affects the pixels farthest from the readout amplifier, which need more transfers to read out charge and lose more than 50% of their electrons under faint observing conditions. CMOS SPCDs avoid these effects throughout the mission lifetime without requiring complex correction algorithms. Compared with EMCCDs, CMOS SPCDs provide single-photon sensitivity with higher radiation tolerance and simpler operation. EMCCDs amplify signal electrons via a high-voltage gain register, which is vulnerable to radiation damage and single-event transients. EMCCDs also experience gain aging, clock-induced charge, and radiation-induced charge transfer inefficiency, all of which reduce quantitative photon counting over time.68,70,71 CMOS SPCDs achieve photon sensitivity through high conversion gain at the pixel level, preserving Poisson statistics, supporting high frame rates, and operating near room temperature without excess noise or long-term degradation. EMCCDs and skipper CCDs have clock-induced charge (CIC) and charge transfer inefficiency, rely on serial charge transfer and off-pixel amplification, and consume more power to operate. In EMCCDs, CIC is amplified by the electron-multiplying stage. The CIC reported for the EMCCDs and skipper-CCDs in Table 7 ranges from 0.003 to 0.0009 e−∕pixel∕frame.58,59,63,64 Relative to single-photon avalanche diodes, microwave kinetic inductance detectors (MKIDs), transition-edge sensors (TESs), and superconducting nanowire detectors (SNSPDs), CMOS SPCDs balance performance with system-level feasibility. Superconducting and avalanche-based detectors can achieve exceptional timing resolution and low dark counts but require cryogenic systems, specialized electronics, and smaller pixel formats. These requirements increase instrument cost, mass, and integration complexity, particularly for wide-field imaging. CMOS SPCDs stand apart not only for photon-counting sensitivity and radiation resilience but also for their system-level integration. Unlike other detector technologies that require extensive off-chip electronics, cryogenic cooling, or complex biasing, CMOS SPCDs incorporate the entire readout
t ecosystem on-chip, including power regulation, clock generation, programmable readout modes, and digitization. This system-on-a-chip approach reduces instrument size, weight, and power while increasing reliability and flexibility. In practice, the detector and readout function as a single, self-contained unit that is easier to replace or upgrade in space, similar to the Hubble Space Telescope’s SIDECAR controller, rather than relying on bulk electronics distributed across the spacecraft. By combining monolithic integration, scalability to gigapixel formats, near-room-temperature operation, and full single-photon sensitivity, CMOS SPCDs enable NASA instruments to detect the faintest sources with unprecedented efficiency and operational simplicity.

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 the impact of detector performance on the SNR of an idealized low-flux exoplanet observation. Following the work of Refs. 45–47, we estimate the integrated photon flux per spectral channel for modern Earth, shown in Fig. 15. We use a 6-m diameter telescope and an end-to-end throughput of 27%.48 On Earth, the presence of O2 is due to a biological process: photosynthesis. Although other life-bearing eons of Earth lacked detectable O2, it reveals the presence of our modern biosphere and may do so for other exoplanets, with a careful treatment of false positives.46,49–54 As such, we select the O2-A band at 760 nm as the target biosignature and obtain ∼8 photons per hour from the line center. We calculate SNR as a function of time for a single pixel. As the HWO design is not finalized, we use the simulation above to justify a photon arrival rate of ∼1 photon per hour per pixel to decouple the SNR calculation from unknowns. This analysis ignores contaminating sources of photons (zodiacal and exozodiacal dust, coronagraph speckles, scattered starlight) to focus on the impact of detector performance on SNR when observing at a rate of one photon per hour. Table 5 describes the quantities used to calculate SNR in Eq. (9). 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.55 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 ∼2cm2, implying ∼1150 cos mic 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. 
Figure 15 shows the SNR for a single pixel observing one photon per hour under multiple detec tor assumptions. The first two curves correspond to a perfect detector (solid light blue) and a detector with HWO’s specifications from Table 6 (dashed dark blue). The perfect detector, with zero RN, zero DC, and 100% QE, reaches SNR ¼ 5 in 1.04 days, whereas the HWO detector requires 1.81 days. The remaining three curves correspond to the HWK4123 detector with its measured DC and QE performance, using three different treatments of RN: the measured RN performance (black dotted), zero RN (gold dashed), and a BER rounding step (red double dot). We use the BER rounding step to exploit an advantage of SPCDs by treating the reported digital value as the outcome of a Bernoulli trial. As RNdecreases, the BER drops rapidly (Fig. 6), increasing the probability that the reported floating-point value lies closest to the correct integer number of electrons. Rounding to the near est integer changes the variance of the signal estimator from analog read noise to the variance of a Bernoulli trial. This variance is p · ð1 − pÞ, where p is the probability of success, and (1 − p)is the probability of failure (i.e., the BER). Consequently, we can rewrite the variance as p · ðBERÞ, and as 1 −p ¼ BER,wesubstitute pwith 1− BERto get ð1− BERÞ · ðBERÞ. We can replace the RN2 term in Eq. (9) with ð1 − BERÞ · ðBERÞ, or simply BER as the first term is approx imately 1 for small BER. Using this treatment, the rounding-step HWK4123 case reaches SNR ¼ 5 in 8.20 days, approaching the 8.09 days for the zero RN HWK4123 case, and improving upon the 9.88 days required for the regular HWK4123 performance. The BER rounding step does not eliminate the detector’s analog RN but instead takes advantage of a concept similar to the binary symmetric channel in telecommunications to significantly reduce noise. Even so, current CMOS SPCDs require longer integration times than the HWO target detector, reducing the total number of observations possible for a fixed mission lifetime.


	

	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.
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	[bookmark: _Ref223006380]Figure 7 (a) Integrated spectrum of modern Earth with the O3,O2,H2O, and vegetation red edge (VRE) biosignatures. The y-axis is the number of photons per second per spectral channel on the x-axis. (b) SNR as a function of time for different detector assumptions.

	


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.
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