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Abstract

In this work, a novel approach for measuring relative temperature variations across the active area of
a CMOS image sensor itself is presented. 555 Image pixels have been replaced by temperature
sensors pixels (Tixels) in the same pixel array layer. Both sensors, pixels and Tixels, utilize the same
readout structure to obtain the data. This approach of measuring temperature variations in the pixel
array can be used to compensate for dark signal non-uniformity. Measurements of dark current and
temperature have been performed in a temperature range of -40 and 90 °C. Results show that pixels
and Tixels are working by using the same readout system based on source followers and column
amplifiers. The average dark current of the image sensor increases with temperature in the
temperature range of -40 and 60 °C, and at the same time, Tixels show high linear response, having a
temperature error less than 0.6 °C after a 1*" order best curve fitting.

1 Introduction

One of the major contributors of fixed pattern noise (FPN) in image sensors is the dark current or
leakage current. It highly depends on process variations and temperature variations. It has been
reported that dark current doubles its value every 5-6 °C for temperatures above 10 °C [1,2]. Dark
current can be compensated by means of a dark reference frame. To grab a dark reference frame a
mechanical global shutter is needed. However, in the case of mobile phones the mechanical shutter
is not available. Also, efforts to reduce the effect of dark current has been made by modifying the
photodetector at physical level. Some of these techniques are: adding a p-well layer surrounding the
pixel [3], or by using a buried-channel source follower instead of a surface-mode source follower [4].
This work proposes to integrate temperature sensors in the same layer as the image pixels and using
the same readout system to obtain the data of the pixel-Tixel sensors. In this way, relative
temperature variations can be measured as well as temperature distribution along the pixel array.
This temperature data can give important information to compensate for dark current after
calibration of the Tixels and pixels in terms of the dark current for different temperatures. For
instance, it could be possible to recreate a dark reference frame by using the temperature
measurements of the Tixels.

In the following sections the architecture of the sensors will be explained as well as the
measurement setup. Then measurement results will be presented finalizing with conclusions.


mailto:a.n.abarcaprouza@tudelft.nl
mailto:s.xie@tudelft.nl
mailto:j-markenhof@ti.com
mailto:albert@harvestimaging.com

2 Description of the Sensor
The sensor array is composed of image pixels and temperature sensor pixels. In the following
subsections both sensors will be presented.

2.1 Pixel Architecture

The image pixels are based on a typical CMOS 4T (4 transistors) architecture. This architecture is
composed of 4 transistors: the reset transistor (RST), the transfer gate (TG) + pinned photodiode
(PPD) + floating diffusion (FD), and two transistors constitute the nMOS source follower and select
transistor (RS). In this architecture, the incoming light is collected by the pinned photodiode as
electrical charge while the transfer gate is closed. When the TG is open, all this charge is transferred
to the floating diffusion where the charge is converted into voltage signal. Then, this signal is read by
using the source follower before to be amplified by the column amplifier block. The 4T architecture
allows full noiseless charge transfer due to the pinned photodiode configuration. The diode is fully
depleted when the diode is exposed to a voltage higher (or equal) than the pinning voltage while the
TG is on [5,6]. Other features of the 4T architecture are: low noise, low dark current and high
quantum efficiency [7].

In this work, the size of the image pixel is 11 um by 11 um. The test array is composed of 64 rows and
192 columns which means having 11733 image pixels in total (excluding the Tixels). The schematic of
the 4T pixel is shown in Figure 1 (a).

2.2 Tixel Architecture

On the other hand, the Tixel is composed of a parasitic Bipolar Junction Transistor (BJT), which is the
core of the Tixel, a column selector and a pMOS source follower, as shown in Figure 1 (b). In this
case, a pMOS source follower has been used instead of an nMOS source follower as in the case of the
pixels. The reason is that, the pMOS source follower exhibits better linearity in the Tixel signal output
range compare to the nMOS based one. In terms of temperature sensors, BJT based temperature
sensor exhibits better accuracy, lower process variations and fast measurement, compared to a
CMOS alternative [8,9]. The temperature is obtained via the differential base-emitter voltage (AV3)
which is proportional to the absolute temperature (PTAT) [10], as equation (1) shows.

_ AVgg q (1)
" kln(r)

kT
AVBE = 71“(7') -»T

Where k corresponds to the Boltzmann constant, T is the absolute temperature, r is the ratio
between two different biasing currents, and g corresponds to the electric charge. To obtain the AVg,
the BJT is biased by two different currents in a ratio 4:1 (thus r = 4). These currents are generated by
an internal current mirror block which is biased by an external 1 pA current.
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Figure 1. (a) 4T image pixel architecture; (b) Tixel architecture based on BJT.

The Tixel is selected (and turned on) by a column decoder that controls the CS; transistor. When this
transistor is on, then the BJT can be biased by the two different currents (ratio 4:1). The base-emitter
signal is then read by the pMOS source follower before being amplified by the column amplifier.
There are two operation modes to obtain the data of the Tixel, these are shown in Figure 2.
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Figure 2. (a) Direct mode; (b) Indirect mode.

The first operation mode corresponds to the direct mode. In this case, the AVj signal (temperature)
is read via the VS transistor, as shown in Figure 2 (a). Direct mode only allows reading the Tixels
(excluding the pixels). The second operation mode corresponds to the indirect mode. The
temperature signal is obtained via the RS; transistor, as shown in Figure 2 (b). This transistor is also
present in the pixel (Figure 1(a)), and it is controlled by the same control signal allowing that both,
the pixels and the Tixels, can be read in the same readout cycle.

The size of the Tixel is 11 um by 22 um, thus twice the size of a pixel. The size of the Tixel is bigger
than the pixel because of the extra transistors of the Tixels that are used in the direct and indirect
mode. 555 Tixels have been uniformly integrated in the same layer as the pixels, having
approximately 3 Tixels per row and 8 Tixels per column.



The test chips have been fabricated by a standard 0.18 um CMOS Image Sensor (CIS) Towerlazz
Technology.

3 Readout System

The same control signals and readout structure are used by pixels and Tixels. The readout system is
composed of Row and Column decoders. These decoders generate the signals to select each position
in the image array. It is also used to select the source followers and the column amplifiers.

There is a biasing block that provides the bias currents to the Tixels. It generates three different
ratios 4:1, 3:1, and 2:1. The output signals of the pixels or Tixels are amplified by the column
amplifier block. This block is composed of a Programmable Gain Amplifier (PGA) and the Correlated
Doubling Sampling (CDS) circuit. The PGA provides 5 different gains: 1, 2, 4, 8, and 16. The CDS circuit
is used to cancel the kTC noise of the image sensor [11,12]. Then, the amplified signal (A-AVg) is
buffered by an output buffer circuit before to be digitalized by an off-chip 16 bits ADC [13]. The block
diagram of the readout system is presented in Figure 3.
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Figure 3. Block diagram of the readout system.

4 Measurement Setup

The measurement setup is composed of a PCB, FPGA, a PC with Quartus and LabView, and a
temperature controlled oven. The chip is mounted on the PCB that provides all the power supplies of
the chip and it also contains the 16 bits ADC. The FPGA generates all the control signals for the chip
and for the ADC. The FPGA is configured by using Quartus. The data of the chip is grabbed by utilizing
LabView. Two different temperature controlled ovens have been used depending on the
temperature range. For the temperature range between 20 and 90 °C a Binder FP53 oven was used.
On the other hand, for the temperature range between -40 and 90 °C a Votsch VT7004 oven was
used.



Figure 4. Measurement setup.

5 Measurement results

A micro-photograph of the chip has been taken, as shown in Figure 5. The Figure shows the different
circuit blocks of the chip. The image sensor is placed in the top middle part of the picture. Here it is
possible to see the presence of the Tixels along the array (in light orange). Below the image sensor,
the column amplifier and the output buffer are presented. Row and column decoders are placed to
the left of the image sensor.
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Figure 5. Micro-photograph of the chip.

5.1 Image Sensor

A photo has been taken by using the image sensor, as shown in Figure 6. The black dots prove the
presence of the temperature sensors along the array. This picture basically confirms that the image
sensor as well as the readout system is working.



Figure 6. Photo taken by the image sensor.

One parameter that has been measured is the conversion gain. It has been calculated averaging 100
frames and all the pixels (excluding the Tixels). This measurement was done at room temperature
(RT) by using a constant exposure light. The value of the conversion gain is 71.57 uV/e’, and it is used
to calculate the dark current of the image sensor in terms of electrons (e’).

The dark current has been measured in time and in temperature. The dark current has been
calculated averaging 100 frames and 10000 pixels. It was obtained at 30 °C in the exposure time
range of 0.05 s and 5 s. Figure 7 (a) shows the average dark signal vs. time. The dark current exhibits
the expected linear behaviour having a value of 119.9 ¢'/s @ 30 °C.

Average 100 frames; Average 10000 pixels Average 100 frames; Average 10000 pixels

[=2]
(=]
(=]

108

O Dark current @ 50 ms
— Diffusion dark current
Depletion dark current

5.
=4
(=]

400

1.9x every 5 °C

[~
(=4
(=]

1199 e’/s @ 30 °C

101 L

Average Dark Signal Sdm_k [e7]
=) ]
o (=}

Average Dark Current Idm [e’is]

1.09x every 5 °C

: : ‘ ' 10° ' '
0 1 2 3 4 5 60 40 20 0 20 40 60 80
Exposure Timet_,  [s] Temperature T [°C]
(a) (b)

Figure 7. (a) Dark signal vs. time. (b) Dark current vs. temperature.

The dark current has been also measured in a temperature range of -40 and 60 °C @ 50 ms exposure
time. Averaging 100 frames and 10000 pixels, the average dark current exhibits two different curves,
as shown in Figure 7 (b). Both curves increase exponentially but in a different rate depending on the
temperature range. Between -40 and 10 °C, the dark current increases 1.09 times every 5 °C while in
the range of 20 and 60 °C the dark current increases 1.9 times every 5 °C.

In most cases, two dominant dark current mechanisms are considered: at low temperatures the
depletion dark current dominates [14,15] and at high temperatures diffusion dark current is the
dominant mechanism [15,16]. In both mechanisms, the dark current has an exponential behaviour
increasing ~1.5 times every 5 °C at low temperatures, while at high temperatures the dark current
increases ~2 times every 5 °C [14,16,17]. At temperatures higher than 10 °C, the pixel-Tixel sensor
shows a behaviour where the diffusion dark current dominates. However, at low temperatures it
seems the depletion dark current is not the only (or the dominant) mechanisms involved because the



increment is only 1.09 times per 5 °C instead of ~1.5 times per 5 °C. Also, if the dark current is
extrapolated for low temperatures, the values are considerably lower in magnitude as compared to
the measured values. The cause of the higher dark current values and the lower increment in
temperature might be due to two different effects: It has been observed that during measurements
in dark (between -40 and 60 °C), pixels next to Tixels have a higher output signal compared to those
farthest from the Tixels, as shown in Figure 8 (a). A similar effect has been reported when BJTs or
diodes are next to the image array generating charge that causes an increment in the output signal of
the pixels [18,19]. Additionally, the voltage dependency of the dark current on the level of the
floating diffusion has been measured at -20 °C and at four different voltage levels: 2.5V, 2.8V, 3.0V,
and 3.3 V. Figure 8 (b) shows the voltage dependency of the dark signal, increasing when the voltage
level increases. This could point to the presence of tunnelling current on the floating diffusion level.
These two effects might add extra signal to the depletion dark current at low temperatures,
obtaining higher levels of dark current and an increment of only 9% every 5 °C (Figure 7 (b)).
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Figure 8. (a) Presence of hot pixels next to the Tixels. (b) Dark current dependency on the level of the FD voltage supply.

5.2 Temperature Sensor

Temperature measurements have been done by using two different temperature control ovens:
Binder FP53 in a temperature range of RT and 90 °C; and V6tsch model VT7004 in a temperature
range of -40 and 90 °C. In both cases the chip has been placed on top of a massive aluminium block
to stabilize the temperature reaching an accuracy of 0.015 °C. As a reference the temperature of the
chip-Al block has been measured/controlled by a calibrated PT100 thermistor (for both ovens to
avoid duplicity of the temperature data). Two different gains of the on-chip PGA have been used:
Gain 16 (G16) and Gain 8 (G8). 4 different chips have been tested (C1, C2, C3, and C4).

All Tixels of chip sample C1 have been plotted between RT and 90 °C in Figure 9 (a). Figure 9 (a)
shows that the output signal (V) of all Tixels is linear between RT and 90 °C. The V,temperature
coefficient of the Tixels is in between 1.2045 mV/°C and 1.2104 mV/°C. In this case, the coefficient
deviation is 0.7% from the average value. All Tixels measure almost the same relative temperature
variation. This means that it would be possible to measure temperature variations with any Tixel in
the pixel array.
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Figure 9. (a) Temperaiz)re behaviour of the 555 Tixels of chip C1 using G16. (b) Proce(sbs) variations of chip C1.

The Tixels process variation of C1 shows a relatively high 3o standard deviation of +4 °C, as shown in
Figure 9 (b).

On the other hand, 4 different chips have been measured between RT and 90 °C by using G16 and
G8. In the case of G16, and averaging 555 Tixels, the 4 chips show a high linearity in this temperature
range (Figure 10 (a)). The temperature coefficient of all chips has an average value of 1.2186 mV/°C
with a deviation of 0.8% from the average coefficient. The temperature error has been calculated by
using a 1* order best curve fitting (Figure 10 (b)).
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Figure 10. (a) Temperature behaviour of 4 chips averaging 100 frames and 555 Tixels using gain of 16. (b) Temperature
error after 1% order best curve fitting.

The temperature error of the 4 chips shows a similar behaviour, having a maximum error of 0.6 °C
for chip C2.

The same measurements have been done but using G8. In this case, the V,,-temperature curve
exhibits high linearity as well as in the case of G16 (Figure 11 (a)). The average temperature
coefficient of the 4 chips has a value of 0.6576 mV/°C with a deviation of 2% from the average.
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The maximum error after 1 order best curve fitting is 0.4 °C for chip C2.

Chip C1 has been measured in a larger temperature range between -40 and 90 °C. Averaging 100
frames and all the Tixels, the V,,-temperature curve presents a 2" order behaviour, as shown in
Figure 12 (a). This measurement error corresponds to 1.4% of curvature.
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Figure 12. (a) Temperature behaviour of chip C1 averaging 100 frames and 555 Tixels using gain of 16 in a temperature
range of -40 and 90 °C. (b) Temperature error after 2" order best curve fitting.

After a 2™ order best curve fitting, the temperature error shows more variation at low temperatures
[-40 to 10] °C than at high temperatures [20 to 90] °C where the maximum error is 0.6 °C.

The main characteristics of the Tixel are shown in Table 1.



Table 1. Characteristics of the Tixel from 20 to 90 °C.

Resolution 0.025 °C
Accuracy +0.6 °C @ G16
10.4°C @ G8
Conversion Time 0.5ms
Area 11 pm x 22 um
Technology 0.18 um
Supply 33V
Current 1-4pA
Energy per Conversion 4.1n)

6 Conclusions

Temperature sensors have been integrated in an image array having 555 Tixels uniformly distributed
along the array. Tixels are based on parasitic BJTs. Results have shown that both sensors are working
by using the same readout system as well as the same control signals to grab the data of the regular
pixels. The image sensor has a dark current of 119.9 e//s @ 30 °C. The dark current of the image
sensor increases 1.09 times every 5 °C in the temperature range of -40 and 10 °C and 1.9 times every
5 °C in the range of 20 and 60 °C. The dark current behaviour at low temperatures seems to have
other mechanisms involved (not only due to depletion dark current) as measurements have shown.
These other mechanisms might be charge generated in the Tixels and tunnelling current on the
floating diffusion. These two effects could add extra signal to the dark current at low temperatures.
On the other hand, the dark current behaviour at high temperatures is associated to diffusion dark
current.

The Tixels show high linearity between RT and 90 °C, individually and averaging all of them.
Individually, every Tixel can measure almost the same relative temperature variations along the array
because they have a coefficient deviation of 0.7% from the average. However, the Tixels exhibit a
relatively high process variations, thus it would not be possible to measure thermal gradients along
the array. In the case of G16, the conversion coefficient is close to 1.2186 mV/°C and a maximum
error of 0.6 °C after a 1* order best curve fitting. Using G8, the conversion coefficient is close to
0.6576 mV/°C with an error of 0.4 °C. When measuring in a larger temperature range of -40 and 90
°C, averaging all Tixels of chip C1, the output signal exhibits a 2" order measurement error with a
conversion coefficient of 1.2069 mV/°C. The error in this case is 0.6 °C.

These results have shown that the dark current can be compensated by using the measurements of
the Tixels because, on the one hand, the dark current of this image sensor is temperature
dependent, and at the same time, it is possible to measure temperature by using the Tixels.

In the future, different kind of Tixels, like based on CMOS, will be explored to integrate in the pixel
array as well as reducing the size of the Tixel to only one pixel area. Different readout systems will be
explored as well.
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