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Abstract

Advanced CMOS Single Photon Avalanche Diode Array technology is progressing rapidly and is being
deployed in a wide range of applications. We report for the first time the use of a CMOS Single Photon
Avalanche Diode Array to perform detailed optical measurements on pixels of an OLED microdisplay
at very high sampling rate, very low light level and over a very wide dynamic range of luminance. This
offers a clear demonstration of the huge potential of this Single Photon Avalanche Diode technology
to reveal hitherto obscure details of the optical characteristics of individual and groups of OLED pixels.

I. Introduction

SPADs

The Single-Photon Avalanche Diode (SPAD) was first reported by Mcintyre in 1961 [1]. Conceptually,
and functionally a SPAD can be thought of as a solid-state analog of a conventional Photo-Multiplier
Tube (PMT) [2]. It is a specially designed avalanche photon diode biased above breakdown voltage to
operate in Geiger mode, allowing single photon detection. SPADs have been designed and fabricated
in a range of technologies from InGaAs-InP [3] and GaN [4] to CMOS [5] that offer a range of
performance parameters such as visible and NIR sensitivity. SPAD technologies that utilise a planar
substrate allow 2-D arrays of SPADs to be implemented such as [6]. In particular the advent of SPADs
that are compatible with fabrication in a mainstream Complementary Metal Oxide Semiconductor
(CMOS) process have lowered the barrier to entry via the fabless-design / Multi Product Wafer (MPW)
business model. The photosensitive part of a SPAD fabricated in a CMOS process is a silicon p-n
junction diode meaning that such SPADs have approximately the same range of wavelength sensitivity
as the photodiodes in conventional CMOS image sensors. They are, therefore, quite suitable for the
optical characterisation of electronic displays across the visible spectrum.

SPADs and SPAD arrays have addressed a wide range of applications due to the combination of their
inherent physical properties — solid state, compact and robustness along with their impressive
performance capabilities - very fast response (dead time in the order of nanoseconds[7]), extremely
high frame rate, higher than one mega frame per second (fps), single-photon sensitivity and ability to
time-stamp the instant of photon capture. CMOS SPAD arrays (referred to here simply as CMOS-SPADs)
have opened the door to dense arrays of SPAD pixels with local (in-pixel) circuitry plus sophisticated
on-chip signal conditioning and processing [5] that can be custom-designed and thus optimised for
any given application. By way of example, recently reported applications of SPADs and SPAD arrays
range from time-of-flight three-dimensional (3D) vision [8] and fluorescence lifetime imaging
microscopy (FLIM) [9] to imaging of ultrafast physical processes like light-in-flight [10]. The market
potential of CMOS-SPADs has grown to the point that many CMOS foundries have developed
advanced CMOS processes that are optimised for both CMOS circuits and SPAD detectors, for example
[11]. With the recent development of these SPAD-optimised advanced CMOS processes it is becoming
possible to overcome some of the limitations of earlier generations of CMOS-SPAD arrays such as low
Fill-Factor (FF) and implement high-sensitivity SPAD quantum image sensor (QIS) arrays. Bruschini et
al. offer a recent review of CMOS-SPAD sensors [12].

In this manuscript, we report on the use of a state-of-the-art CMOS-SPAD array to optically
characterize an array of pixels of an electronic display. We demonstrate that the method can measure
very high dynamic range and very fast transient optical response. The measurements are carried out
on pixels that form part of an Organic Light Emitting Diode (OLED) microdisplay. Our results illustrate
the efficacy of the technology and indicate that the technique is applicable to a much wider range of
measurements relevant to displays and other photonic technologies.
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Microdisplays

Microdisplays are ultra-miniature display panels [13] designed to be viewed under optical
magnification, usually in projection or near-to-eye systems. The combination of emissive-nature, fast
response, medium to high luminance and low power consumption makes OLED a favoured candidate
for near-to-eye systems. However, it is challenging to evaluate the pixel level optical response of OLED
microdisplays. OLED microdisplay pixels are extremely small, usually smaller than 10 um pitch, often
with a low total light output per pixel. Furthermore, the optical switching time of an OLED can be much
less than one microsecond [14].

Comparison with other image sensor technologies

High performance image sensors (cameras) have been employed for display metrology, especially for
Mura, motion blur measurements where single point sensors cannot be applied [15-17]. Meanwhile,
current displays are evolving towards high dynamic range (HDR), high resolution (4k and beyond) and
high frame rate (>100Hz). Image sensors with high sensitivity and high frame rate are therefore
required for optical characterization of display properties such as dynamic range, gamma curve, flicker,
uniformity etc. Traditional CCD (Charge-coupled device), electron multiplying CCD (EMCCD) and CMOS
cameras are the leading technologies typically employed. However, these technologies are still limited
in frame rate and sensitivity. CMOS-SPADs, as described above, offer the opportunity to measure
important properties of some electronic displays that conventional sensors struggle to capture.

Thanks to recent advances in CMOS technology, CMOS SPAD arrays with FF of 50% (with microlens),
pixel pitch of 8um and frame rate of over 10 kilo frames per second (kfps) have been demonstrated
[7, 18]. With over 35% quantum efficiency in the visible spectrum, a display measurement platform
can be offered based on CMOS-SPAD arrays. In this manuscript, we explore the application of SPAD
arrays to display measurements, a challenging area where dynamic range and imaging speed are
important, and show that CMOS-SPAD arrays offer advantages over CCD, EMCCD and CMOS
technology. Table 1 provides several scientific application camera models’ benchmarks in comparison
with the SPAD array we employed.

Table 1 Image Sensor Specification Value Comparison

TYPE CCD EMCCD SCMOS BINARY SPAD
Hamamatsu
Hamamatsu Andor iXon Ultra
MODEL ORCA-Flash4.0 SPCimager
Orca-2[19] 897[20] V3[21]
FULL WELL
CAPACITY () 80,000 180,000 30,000 1
DYNAMIC ) ] ] i
RANGE 13,333:1 180,000:1 37,000:1 100,000:1
QUANTUM o o 0 o 3
EEEICIENCY 90% 90% 82% 35% (PDE?)
FILL FACTOR N/A 100 % N/A 26%
PIXEL SIZE 13 um 16 um 6.5 um 8 um
READ NOISE (e) 6 <1 1.4 0
DARK NOISE 0.0005 Hz 0.001 Hz 0.05 Hz 25 Hz

! The incident light is digitized by converting photons to electrons (e7). Full well capacity is the
number of electrons that can be stored within the well.

2 Dynamic range in QIS mode, derived from [7] with exposure time varied from 100ns to 100us.
3 Photon Detection Efficiency, PDE
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OTHER NOISE N/A 0.0018 Hz CIC* N/A N/A
NON- 1% DRNUS, 0.5% 2% DRNU, 1%
UNIFORMITY N/A N/A PRNUS PRNU
595 fps .
FRAME RATE 3 fps (256x256 crop 100 fps AL ELRY
mode) frames)

Il. Experimental Setup

QVGA CMOS SPAD Image Sensor

We have employed a CMOS SPAD image sensor for optical measurements. The Quarter Video Graphics
Array (QVGA, 320x240) array image sensor (labelled SPCImager) with 8 um pixel pitch and 26.8% FF
was fabricated in the 130 nm Imaging-CMOS process of ST Microelectronics (Fig. 1 (a) [7]). By
employing analogue counting and binary memory circuit, the in-pixel circuitry reduction enables a
small pixel pitch and high fill-factor. The image sensor can be operated as single-bit digital readout
continuously at a rate of several kilo-frames per second (kfps). Fig. 1(b) shows a schematic of the
experiment setup with Olympus BH-2 Microscope.

In binary operation mode, the SPCimager is an example of a fast Quantum Image Sensor. The
development of CMOS image sensor, as projected by Fossum et al., is towards QIS with sub-electron
read noise, sub-micrometre pixel pitch, multi-megapixel resolution and highly oversampled frame rate
[22]. Although QIS pixel state is either 0 (no photon detected) or 1 (at least one photon detected), the
sum of these binary values or ‘bit-planes’ in space and/or time provides a spatio-temporally
oversampled grayscale image. As illustrated in Table 1, the dynamic range of SPCImager can extend to
100,000:1 via QIS oversampling.

OLED Microdisplay Test Pixel Array

We have implemented several OLED pixel driver circuits in microdisplay test arrays in ST Micro-
electronics 130nm Microdisplay CMOS process [23]. A photomicrograph of a 4x6 test array, with
surrounding dummy pixels, is displayed in Fig. 1(c). These arrays are deposited with tandem OLED
stacks. The measurements reported here are mainly taken on two types of those pixel driver circuits,
i.e. the source follower pixels and the pulse width modulation (PWM) pixels. The source follower (SF)
pixels apply bias voltage on the OLED. Fig. 1(d) shows the method of generating grayscale for the SF
pixels. There are two modes to drive the PWM pixel. It can be operated as an analogue PWM pixel, in
which the in-pixel stored voltage is compared with a ramp signal, producing an OLED drive pulse of
controlled duration. Or it can be driven as pulse code modulation (PCM) pixel as shown in Fig. 1(e).
The in-pixel memory is effectively a 1-bit Dynamic Random-Access Memory (DRAM). The OLED anode
voltage is switching between VSS (Low) and VDD (High) by comparing the voltage stored in the DRAM

4 Clock Induced Charge, CIC
> Dark Rate Non-Uniformity, DRNU
® Photon Response Non-Uniformity, PRNU
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with a static voltage. The source-follower pixels are 4.7um pixel pitch, and the PWM pixels are 5.2um
pitch.

(a) (c) (b)

' 34mm ] T Pt SPAD Sensor
Traed Crtvode Wl

JLLILLL

3.1mm

OLED Pixel Array

Fig. 1. (a) Photomicrograph of the SPAD-based QVGA imager [7]. (b) Schematic of the measurement setup based on Olympus
BH-2 Microscope. (c) Photomicrograph of test array. Inset: zoom in layout of the 4x6 array with dummy pixels. (d) Grey scale
generation for source follower pixel. (e) Grey scale generation for PCM pixel.

We now describe in detail two very different measurements that we have made that illustrate some
of the capabilities of CMOS SPAD arrays for measuring the optical properties of electronic displays. In
the first case we measure the light emitted by a single microdisplay pixel. The pixel circuit is that of a
conventional two-MOSFET (2T) source-follower and we measure the light emitted as a function of
input voltage in a quasi-steady-state scenario. In the second case we measure the fast transient
response in order to determine non-idealities in the relative luminance of the different bit-planesin a
pixel driven in digital pulse coded modulation mode.

High Dynamic Range Steady State Measurement - Source Follower Pixel
The circuit schematic of the conventional 2T source-follower pixel circuit of the OLED microdisplay is
shown in Fig. 2 (a). The drive transistor, MN2, is biased as a source-follower. Thus, in the steady state
the OLED anode voltage is Vanode = Vaata — Vin- By sweeping V414, the output light level of the OLED
microdisplay pixel can vary from ~0 photons to >10° photons per second.

For SPAD QIS cameras, every “frame” is, in fact, a “bit-plane” in which each pixel has a binary value of
0 (no photon detected) or 1 (at least one photon detected). These bit-planes can be summed spatially
and/or temporally to generate an “image” with the potential for high dynamic range.

The probability of photons arriving at each SPAD pixel follows a Poisson distribution, i.e. for a time
interval of 1, the probability P[k] of X photons arriving is

e P (pr)*
Pl - £
where ¢ is the average photon arrival rate in t.

Therefore, the probability of no photons arriving is
P[0] =e~?7,

and the probability of at least one photon being detected is
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Plk>0]=1—e9".
For a spatial and temporal average of photon count rate (bit density), £(Csignar),
E(CSignal) =D=1- e—(l)-FF-PDP-T’
where the SPAD array’s photon detection probability is given by PDPand its fill factor by FF.

For every frame captured, there are photon counts that are a consequence of the dark noise (also
called thermal noise or after-pulsing). Thus, the measured photon count bit density is

E(Cmeasure) = E(Csignal+noise) =1— e (@ FFPDPHDCR)T,

With “hot pixels”” removed, the dark count rate (DCR) of the remaining pixels approximates to a
Poisson distribution [24]. The dark noise can be removed by simply capturing another background
frame, the average photon arrival rate H, in the interval of 7, is shown as follows

Hyignat = ¢ - FF - PDP = ~log (1"5(61’“"“"“”)). (1)

T 1—E(Csignal+noise)

By temporal and/or spatial oversampling, the arrival rate of incident photons on SPAD pixels can be
recovered from analysis using Poisson arrival statistics[25].

In capturing the image shown in Fig. 2(b), each OLED SF pixel (4.7um pixel pitch) is optically mapped
onto approximately 400 (20x20) SPAD pixels. The incident number of photons is the derivation from
the temporal and spatial average photon rate with Equation (1). Fig. 2(c) shows the sweep of
Vaata Versus the incident photon counts and pixel current with 100pus exposure time. The incident
photon count is derived from 1000x temporal oversampling and 400 spatial binning. The average OLED
current per pixel is determined from the measured cathode current of the array divided by the number
of pixels. The photon rate versus DATA voltage of two pixels (Pixel 1 located in the blue square, Pixel
2 located in the red square in Fig. 2(b)) is plotted. Similar luminance with small mismatch across
different DATA voltage can be found between two pixels.

7 “Hot pixels” are malfunctioning pixels that demonstrate abnormally high dark count. They are
typically defined as those pixels giving more than 5,000 dark counts per second.
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Fig. 2. (a) Source follower circuit schematic. (b) SPAD image of OLED pixel array (1000 oversampled field). (c) Average incident
photon rate 1000 oversampled field with 100 us exposure (left y-axis), average OLED pixel current (right y-axis) vs DATA
voltage (x-axis). Pixel 1 (blue asterisk marker) locates in the blue square and Pixel 2 (red circle marker) locates in the red
square in (b).

Fast Transient Measurement — Modelling PCM Pixel Optical Response

Another method of achieving grey scale is Pulse-Coded Modulation (PCM). Viewing imperceptibly-fast
binary (ON/OFF) switching of the OLED produces the visual impression of grey scale at each pixel. The
perceived grey scale is, theoretically, proportional to the on/off time ratio of each frame provided the
luminance level is constant during each pulse and from pulse to pulse.

For transient measurement, an 8-bit, 100Hz PCM scheme is applied to the OLED pixel array. The
oversampling technique is performed over a period (e.g. the photon counts at to is averaged with to+T,
where T is the OLED frame time, 10ms). In a similar manner to the steady sate measurement shown
in Fig. 2(b), the OLED pixel array is imaged onto the SPCimager. Each OLED PCM pixel (5.2um pixel
pitch) is mapped onto approx. 484 (22x22) SPAD pixels. The pixels are measured at 50kHz (10us
exposure, 10us readout) frame rate.
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Fig. 3. PCM pixel transient measurement of 100 oversampled field, 484 spatial binning (a) encode 8’b10101010 and (b) encode
8’ b01010101 of pixel 1 (blue), pixel 2 (red). (c) Ratio of overshoot versus pulse width with OFF time of 8ms (blue asterisk),
6ms (orange circle) and 2.5ms (yellow cross) of pixel 1 and 2.5ms OFF time of pixel 2 (purple plus sign).

The transient photon counts measurement of two pixels are presented in Fig. 3(a) of 8b’10101010 and
Fig. 3(b) 8b’01010101 PCM scheme. The number of photon counts/pixel/s is reconstructed through
oversampling 100x temporal oversampling and 484 spatial binning. The two pixels are with similar
transient response, small discrepancies are found at the turn-on overshoot level.

We find that the OLED pixel luminance is not constant during each coded pulse. Overshoot and decay
behaviour is shown when the pixel is switched ON from OFF. There are several factors that could
contribute to the turn-on overshoot in OLEDs, for example, transient charge imbalance[26, 27],
recombination of pre-trapped charges[28], and singlet—triplet quenching[29]. The turn-on overshoot
happens usually in the scale of microsecond, then settles to the constant level. It is likely to go
undetected by measurement systems with measurement time slower than one millisecond.
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To quantify the amount of overshoot, we take the integration photons of each pulse (Hovershoot) and
divide it with the photon number of the pixel that is set ON over a full frame (Hon). In this case, the
OLED pixel drives a constant ON voltage, it doesn’t show any turn-on overshoot behaviour. In Fig. 3(c),
the ratio of overshoot to signal is plotted versus different pulse widths with 8ms, 6ms, 2.5ms OFF time
of pixel 1 and 2.5ms OFF time of pixel 2. The shorter is the pulse, the more is the luminance deviation.
Moreover, the longer the OLED pixel is OFF before it is switched ON, the greater is the luminance
overshoot. While the transient responses of pixel 1 and pixel 2 with the same OFF time are similar,
any small variation in the overshoot level would cause considerable luminance mismatch at short
pulse width.

lll.  Conclusion

We have demonstrated a novel OLED microdisplay optical characterization method with a SPAD image
sensor. SPAD image sensors are expected to match or even exceed the performance of sCMOS and
EMCCD for very low light molecule identification[30]. The SPAD image sensors are also capable of
observing dynamic behaviour occurring over a very short-time scale[30], (in the present case, OLED
pixel luminance overshoot during switch ON) which is inaccessible to most sCMOS sensors. Each
SPCImager SPAD pixel can achieve 107 photon counts per second for 100ns exposure, and dark count
as low as 4 counts/s when cooled, asimilar level of performance to that of the PMT single-point sensor
reported by Fatadin et al.[31]. Table 2 shows an outline comparison of the SPAD-based SPCImager and
other state-of-the-art systems. SPClmager measures significantly faster and is capable of
nonuniformity measurement.

When set beside the other technologies of Table 2, CMOS SPAD is a relatively young technology. The
commercial potential across a large and diverse range of applications from medical imaging to
automotive LIDAR means that CMQOS SPAD sensors and arrays are currently the focus of a great deal
of research and development effort in both technology and design and are expected to remain so for
some years to come. One recent technology trend that illustrates this is the development of SPAD-
optimized CMOS processes, from Back Side Illuminated (BSI) [32] to 3D stacking [33]. This means that
the rate of performance improvement in CMOS SPADs is currently very high and is further enhanced
by design because Application Specific SPAD ICs — optimally designed for a given application — are
readily achievable. Thus, we can look forward to continuing rapid performance improvement in CMOS
SPAD arrays that is likely to outpace improvements in the rival technologies.
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Table 2 Performance Comparison of SPCImager with existing systems

Measurement system Image sensor Dynamic range Minimum
Y technology v g Measurement time
4 — 107 photon counts/s
(aprox. 2x10* - 550 5us including readout
SPCImager SPAD cd/m? at 520 nm) for for 10320 of SPAD
100ns exposure to 1s pixels
exposure, -5C° cooled
2-in-1 Imaging Colorimeter CMOS 0.01 cd/m? - 5000 65 ms at 100 cd/m?,
[15] cd/m? 330 ms at 1 cd/m?
. N/A - Detects motion
MotionMaster [34] CCD blur (Image difference) typ. 0.26ms —0.52ms
NPL PMT 10 — 107 photon
Spectro-radiometer [31] PMT counts/s? N/A
GLRT Gray Level Response
Time Measurement Kit [35] PMT 16-bit DATA 2 us
(Hamamatsu H10722-110)
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