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Introduction

Today CMOS Image Sensors (CIS) are widely used in consumer electronics such as cell phone cameras, web cameras, most digital pocket cameras and also more and more in Digital Single-Lens Reflex (DSLR) cameras. CMOS imagers benefit from low power consumption, on-chip functionality and low cost, key advantages for the consumer electronics market, especially for mobile imaging that has been a major driving force for the development of CMOS imaging technologies. Thanks to their continuous performance improvement, they are today replacing traditional Charge Coupled Devices (CCD) in many areas where CCD has been predominant such as security, automotive and medical applications [START_REF] Fossum | CMOS image sensors: electronic camera-on-a-chip[END_REF] [START_REF] Bigas | Review of CMOS image sensors[END_REF].

Like all other IC products, the fabrication of CIS cannot be free from manufacturing defects. The products must pass through a variety of industrial tests after manufacturing, and only the devices meeting quality criteria can be delivered to customers. However, the fault coverage of the current functional based testing methods for the sensor array and its analog readout circuits is not sufficient to meet quality levels. These functional tests are based on processing the images captured by the sensors with special algorithms to evaluate their performances. This is called optical test.

In order to understand the limits of the actual industrial test of CIS and their improvement requirements, it is necessary at first to have a vision on the architecture of the CIS and the way to determine their performances. These are the starting points of this thesis study and they are introduced in this chapter.

Basic architecture of CMOS image sensors

A CMOS image sensor is a complex System on Chip (SoC) that integrates in the same chip photo sensing components, Analog to Digital Conversion (ADC) circuits and digital interfaces. The basic architecture of a standard CIS chip contains three main parts as illustrated in Figure 1.1:

" An array of pixel sensors, where each pixel is composed of optical components for light to electrical signal conversion and several transistors for pixels' readout. The optical component could be just a photodetector for light to electrical signal conversion, but often with micro-lens and a color-filter for light capturing in most color image sensors. " Custom Analog Blocks (CAB) for readout of the pixel array. It contains row decoder, column ADCs, and other blocks according to needs such as power management, charge pumps, etc. " Digital circuits such as logic blocks for video timing generation and image processing, memories, interfaces for communication and data translation, etc. 

Pixels of CIS

Considering the photodetectors readout scheme, CIS can be divided into two categories: Passive-Pixel Sensor (PPS) and Active Pixel Sensor (APS). While the PPS uses just a simple switch in the pixel for readout, the APS uses a pixel amplifier for readout. The pixels of CMOS APS are often named by the number of transistors per pixel, like 3T for the pixel with three transistors. According to the operation modes of the photodetectors, they are divided into two categories: integration pixel and logarithmic pixel.

Basic 3T active pixel in integration mode and logarithm mode

A 3T integration pixel is schematically illustrated in Figure 1.2(a). It consists of a photodiode, a reset transistor ! !"# , a source follower read-out transistor ! !" and a select transistor ! !"# . The charge in photodiode's cathode, which is a floating diffusion, is first cleaned by turning on the reset transistor that connects the cathode to power supply ! !"# . After ! !"# turned off, charge will be accumulated in the photodiode with light exposition. The transistor ! !" acts as an amplifier that allows to read out the pixel voltage produced by the integrated charge in the cathode of the photodiode. The select transistor allows a single row of the pixel array to be read by read-out electronics. 

! !! = ! !! - !" ! • ln ! !! ! ! (1)

4T Integration pixel with pinned photodiode

The integration pixel is much more widely used than logarithmic pixel. The adoption of pinned photodiode (PPD) in CMOS APS leads to a higher performance [START_REF] Fossum | A Review of the Pinned Photodiode for CCD and CMOS Image Sensors[END_REF]. As shown in Figure 1.3, a standard integration pixel consists of a pinned photodiode and four transistors for read out, so called 4T pixel. The PPD has an n-type buried charge storage well with a p+ pinning layer at the surface. The photo-generated charge is transferred from PPD to Floating Diffusion (FD) via the Transfer Gate (TG). The reset transistor (RST) acts as a switch to reset the FD node. The source follower (SF) transistor acts as an amplifier that allows the FD potential to be read out through a bit line VX. The read out transistor (RD) is used to select the rows of pixels to be read. The read out principle is illustrated in Figure 1.4. First the FD is reset to a high voltage with RST switch on. During the reset operation the integrated charge of the photodiode is also cleaned via TG. Next, the charge will be accumulated on the photodiode cathode during the light exposure period. At the end of the exposure, the FD is first reset again to compensate the leakage during exposure period. The transistor SF amplifies the voltage potential of the FD. The voltage of bit line VX follows the voltage of node FD when transistor RD is switched on. Finally, transistor TG is activated when RD is on, and the voltage output difference before and after its activation is read as the pixel value.

Other active pixels architecture

Based on standard 4T pixel, many other pixel architectures are developed for different purposes such as the 5T pixel for global shutter imaging [START_REF] Krymski | A 9-V/Lux-s 5000-frames/s 512×512 CMOS sensor[END_REF] and the 1T75 pixel for fill factor improvement [START_REF] Mori | 1/4-inch 2-Mpixel MOS image sensor with 1.75 transistors/pixel[END_REF]. The devices with 1T75 pixel, shown in Figure 1.5(b), are widely used for applications in consumer devices such as mobile phones. By sharing readout transistors and control lines, the fill factor defined as the ratio between the photosensitive area and the total pixel area is increased. However, the space to root interconnection lines becomes much smaller.

Performances of CMOS image sensors

There are a large number of performance parameters for CIS due to their complexity. The key performance parameters are mainly defined according to their influence on the image, and most of them are related to the characteristics of the pixel and the pixel array. These parameters can be classified into pixel level and system level which include pixel array and read out circuits.

Pixel level characteristics

" Quantum Efficiency (QE) is the ratio of the number of collected electron/hole pairs to the number of incident photons at a given light wavelength. " Charge to Voltage conversion Factor (CVF) is the ratio between the output voltage of pixel and the number of electrons collected by photodiode. It is measured in !"/!"!#$%&' and the average values of a group of pixels are used. " Spectral Responsivity is the ratio of useful signal voltage to exposure for a given waveband of illumination. " Sensitivity is the gain of the read out circuitry measured in Volts per electron. It is measured by irradiating the photodetector with a thermal radiation source at certain temperature. " Dark Current is the current generated by the detector in the absence of any incident radiation. It is measured in nA/cm2. Dark current in a silicon photodetector is a strong function of temperature. " Temporal Noise is defined as the pixel output difference between two successive images under a constant illumination condition. At pixel level, it is mainly due to kTC noise associated with the reset of the FD. An accurate analysis of temporal noise is presented in [START_REF] Tian | Analysis of temporal noise in CMOS photodiode active pixel sensor[END_REF].

System level performance parameters

" Linearity error or Nonlinearity of the output data can arise either at the pixel level or at read out circuits or even in the memories or digital interfaces. " Full Well Capacity (Saturation) is defined as the point at which linearity error exceeds a defined limit and is measured as a by-product of linearity measurements.

" Dynamic Range is defined as the ratio of the maximum non-saturating signal (full well capacity) to the total noise signal in the dark (measured over the desired image capture time period). The data is often expressed in decibels [dB]:
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" Dark Signal Non-Uniformity (DSNU) is the nonuniformity in the dark image. It is not fixed but varies with temperature and integration time. It arises principally from thermal dark current. " Photo Response Non-Uniformity (PRNU) is the difference between the signal in each pixel and the average signal of the total photosensitive area, measured under uniform illumination conditions. " Fixed Pattern Noise (FPN) is defined in various ways in the literature and in manufacturers' data sheets. It is commonly defined as the constant non-uniformity of the image (forming a constant noise pattern) under the same uniform illumination conditions [START_REF] Matou | Precise FPN compensation circuit for CMOS APS[END_REF] [8] [START_REF] De Moraes Cruz | FPN Attenuation by Reset-Drain Actuation in the Linear-Logarithmic Active Pixel Sensor[END_REF]. FPN arises from the differences in the individual responsivity of the sensor array, including the read out stages. However, during production testing, FPN errors are usually extracted from row and column signatures: the Horizontal-FPN (HFPN) presents a row to row FPN while Vertical-FPN (VFPN) presents a column to column FPN. Random FPN errors usually refer to Dark Signal Non Uniformity (DSNU) and Photo Response Non Uniformity (PRNU). " Blooming is the number of electron/holes dumped into the substrate/well and collected by adjacent photodetector when a photodetector saturates. " Lag is the effect carried forward from one image frame to subsequent frames that is due to the fraction of charge left over after the pixel is reset. For example, a photodetector that collects 10000 electrons during a frame but still contains 1000 electrons after reset has a lag of 10%. Lag is a function of illumination. " Input referred read noise is the photodetector input referred noise measured at no illumination. The result is measured in electrons. " Temporal Noise on the system level are associated with the output amplifier, digital electronics, etc.

Thesis objective and overview

The objective of the thesis is to study and develop alternative test solutions to optical test to obtain the best coverage of defects, thus improving reliability while reducing test time and cost.

In Chapter 2, we will first give a review of common production testing methods of CIS that are composed of electrical and optical tests. The challenges on CIS production testing given by time cost, test flow and test equipment are also explained. Next, some analogue testing methods for CAB will be presented. Finally, a state of the art on alternative test solutions to optical test is presented.

Chapter 3 first gives an introduction of the manufacturing failure mechanisms of CIS.

According to the failure mechanism occurring in electrical circuits or optical components, the faults are classified into electrical faults and optical faults. Next, the image failures are descripted and source failures are demonstrated.

In Chapter 4, the problem of the low fault coverage rate on HFPN test is first explained; next a review of the current HFPN defection algorithm by optical test is presented, and two improvements are proposed. A novel on-chip test structure based on signal propagation delay detection on the horizontal lines is described.

The design of a test chip with the new test structure integrated, as well as the experiment results are presented in Chapter 5.

Finally, Chapter 6 presents the conclusion and directions for the future work.

Chapter 2

Testing of CMOS image sensors

To ensure the quality and robustness of a CIS product, varied test solutions should be applied during its whole lifetime. These tests are often classified into characterization, production test and on-line test, as illustrated in Figure 2.1. At the beginning of a CIS product life cycle, test engineers validate the prototype by verifying their performances and reliability. This is called characterization. This may request tuning of fabrication process parameters or even challenge the design.

After starting mass production, the industrial test sorts the dies by two main steps: first at wafer level, tests for Electrical Wafer Sorting (EWS) are applied; next, the packaged devices are tested by Final Module Testing (FMT). The role of EWS is to sort the dies before packaging. Only the good parts are packaged for reducing the cost of fabrication.

The FMT ensures that the products are not damaged during packaging, and that there are no problems of die-to-pin interconnect. For most CIS, we need also to store the pixels correction information in an on-chip programmable memory during these tests and verify that the lens are well adjusted during FMT.

Finally, on-line test is applied to guarantee the reliability of the device in the field against aging phenomena. This is mainly oriented to detection and correction of defective pixels by image processing to maintain the desired performances, as proposed in [10] [11] [12].

This thesis work focuses on production testing. This chapter will fist give a review of current test practice. The challenges on test time cost, test flow and test equipment are explained. Next some methods for analogue testing of CAB, typically performed only for certain automotive and medical products, are presented. Finally, we give a state of the art on alternative test solutions to optical test.

Production testing of CIS

The objective of production testing is to verify the main functionality of the CIS and to detect the manufacturing defects present in the products. As described in Chapter 1, a CMOS image sensor is a combination of image capturing and processing circuitry that includes optical components, analog and mixed signal blocks and digital circuitry. In a complete and robust CIS test solution, both electrical circuits and optical components should be tested. The tests performed during CIS production testing can be separated into two major parts: electrical test and optical test.

Electrical test

CIS electrical testing includes both structural test and BIST techniques as well as some electrical measurements. This is similar for most digital IC products. These tests include:

" Continuity verification checks the connectivity of the DUT by sourcing or sinking a current to or from the ESD (electrostatic-discharge) protection diodes on CIS pads and measuring the voltages.

" IDDQ testing can effectively identify physical defects, by measuring the supply current (Idd) in a quiescent state. The CIS is set into a known logic state usually using a scan chain. In the quiescent state, all clocks are stopped and static power consumption blocks are disabled, therefore leakage between power supply and ground will make the circuit dissipate a current significantly different than for the fault-free case. IDDQ testing is ideally suited for detecting metal line bridges and gate-oxide shorts due to spot defects, but it is not so effective for opens [START_REF] Rajsuman | Iddq testing for CMOS VLSI[END_REF]. Depending on the circuit settling time, it is often costly in terms of test time [START_REF] Grochowski | Integrated circuit testing for quality assurance in manufacturing: history, current status, and future trends[END_REF].

It is often used as a supplementary test to functional testing and reliability testing.

" Pin leakage testing applies voltages on I/O pins and measures the current. It also detects the leakage current but at a single pin instead of the whole chip like IDDQ case.

" Dynamic supply current testing can be applied for analog circuits power supply to detect faults [14] [15]. Unlike IDDQ test techniques where the circuits are in quiescent mode, often it is just used for checking gross functionality errors. This measurement of power supply current is usually performed in different configurations such as digital hardware standby, software standby, with or without clock, etc.

" Scan testing applies test sequences to the scan chain that is integrated for digital circuits during Design for Test (DFT). The test sequence is designed and optimized by using Automatic Test Pattern Generation (ATPG) technology for DFT.

" Memory BIST testing has almost no test time cost since it is done on chip.

" DC level measurement is performed via analog multiplexers or directly via pads to verify the on chip generated references. These measurements include often the voltage references from on-chip Band-Gap and Charge Pump circuits.

Optical test and challenges

Many defects in the sensor array and its analog readout circuits (CAB) have no influence on CIS electrical performances like power consumption, but can induce defects on images captured by the device. This kind of defects cannot be detected by the electrical test methods presented above, especially when defects occurred in optical components.

The sensor array and CAB are mainly tested by checking their functionality during optical testing. By applying special algorithms to the images captured by the sensor, both in dark and light conditions, several CIS performances can be validated and many faults in optical components can be detected. The algorithms most often used and the related image failures will be presented in the next chapter. The pixel level characteristics depend mainly on the process that can be validated during the process developing period. The performances to be verified in production testing are mainly system level parameters.

Another task of optical test is to store the information of defects that can be corrected in an on-chip Non-volatile Memory (NVM). Most CIS products allow a certain number of image defects that can be corrected.

Challenge on test time cost

One of the critical challenges on optical test is the significant test time cost which is correlated to the large amount of data generated by image capturing. In a common optical test, at least several images need to be captured and processed both in dark and light conditions, and each image contains a large amount of data.

Today, the resolution of a standard CIS for mobile applications has reached 8 Megapixels, and 13 Megapixels for high-end products [START_REF] Dolcourt | Camera megapixels: Why more isn't always better (Smartphones Unlocked)[END_REF]. Each pixel can generate a vector of 10 to 12 bits of data that is defined by the resolution of the column ADC used in most CIS. Each captured image is referred to as a frame. There are 80-92 millions of data bits generated for each frame in typical products. For several frames, a huge amount of data is generated.

The processing of such large amounts of data generated during optical test cannot be realized with the CPU of a standard digital Automatic Test Equipment (ATE). The image processing is therefore often performed in an external PC. Figure 2 [START_REF] Rick | Understanding MIPI Alliance Interface Specifications[END_REF]. These interfaces are intended for interchip communications with high speed and are not intended for transmission over long wires. This requires customer designed test boards or an operation mode with lower frequency which results in higher test time and cost.

Insufficient fault coverage rate of optical test

The presence of the image defects could be affected by temperature [START_REF] Joseph | Temperature Dependence of Fixed Pattern Noise in Logarithmic CMOS Image Sensors[END_REF], illumination conditions, exposition time, etc. However, the devices cannot be fully validated in varied conditions, due to the limitation of test equipment or test time. The fault coverage of optical test needs then to be improved.

Production test flow with parallel electrical and optical tests

Since image capturing and processing needs the transmission and treatment of a huge amount of data, optical testing takes often more time than electrical test. Processing results

Test program

Images data

To reduce the test cost due to the optical test step, the parallelization of optical test and electrical test is usually adopted in most CIS production testing environment.

When a standard digital ATE is used for CIS testing as shown in Figure 2.2, the production testing flow can be resumed as shown in Figure 2 

Production test results for dies sorting and yield diagnosis

In production testing, the information of each die passing/non-passing of each test is categorized by using different bins during die sorting. A bin is defined as a type of pass/failure or group of failures of certain test patterns. There are two categorizing models for product binning: Hardware Binning (HBIN) and Software Binning (SBIN). HBIN is the real physical sorting of the dies. Instead SBIN only stokes test data that is useful for Product Engineers for yield diagnosis. Each test is categorized in different bin numbers and presented by different colors. For example the number 1 with light Green presents the dies passing all tests. The wafer map illustrates the performances variation across the wafer. For example, the bin number 74 with blue distributed on the half border of the wafer make a special signature. These reports allow Product Engineers to easily identify the source of yield loss and then to propose changes of test or manufacturing process parameters to guarantee yield and fault coverage rates.

The dies which can pass all of the electrical and optical tests are sorted as good dies and their positions are remembered for use in later fabrication process. Note that the good dies include the parts with correctable faults detected in optical test, such as the parts within a specified number of single defective pixels. In case of a die not passing some test patterns, the die is considered faulty and is discarded, and the test for this die will be stopped to save test time. 

Challenge on test equipment for optical test

A big challenge for CIS testing is the integration of special equipment for optical test, such as light source and dark room, into these standard ATE and Prober or Handler.

The light source is often integrated into the Teat Head of ATE. It must be able to generate a stable and uniform light with calibrated wavelength and intensity. The dark room, which is usually considered as a part in Prober or Handler, must completely shield the DUT environment where only the calibrated light beam from light source can be accepted. In the dark room, any ambient light source such as LED light from the other equipment is considered to be an error source.

Analogue testing of CAB

Testing accounts for a large proportion of production cost. The tests that need to be performed are not identically for all kinds of products since they depend on the actual applications. Analogue testing of CAB requires implanting additional test instruments and higher test time. It is rarely applied for low cost products such as mobile cameras.

With the required improvement of CIS performances, the market of CIS for automotive and medical applications is growing rapidly. For these kinds of products, the fault coverage of current production test methods is not sufficient, especially the functionally based optical test for sensor array and CAB. Some analogue testing methods of CAB that have been used for characterization are therefore transferred for production testing to respond to the stringent product quality requirements. In this section, we will present several tests specified for CAB testing of automotive products.

CAB overview

During the analogue testing of CAB, the CIS is configured for a normal image capture mode with all analog blocks, digital logic and I/O parts powered on. All the related blocks should be on normal functional mode, such as: PLL, Clock generation, I/O circuits, video data processing, etc.

DC measurements via analogue MUX

The outputs and internal references of the power management blocks in the CAB are accessible via the pads and analogue MUXes. This typically includes:

" On chip generated voltage references such as Band Gap and Charge pump. " Outputs of Voltages Regulators for Y-Decoder such as: TG-High, TG-Low, RST-High, VRST and RD etc.

Their measurements are performed at stable state and before the image streaming.

Column ADCs for pixel read out

The read out scheme and the ADC architecture used in CIS vary depending on products, and they are constantly improved. Today, the most widely used structure is the column parallel Single Slope ADC with Correlated Double Sampling (CDS) read out [START_REF] Chae | A 2.1 M Pixels, 120 Frame/s CMOS Image Sensor With Column-Parallel ΔΣ ADC Architecture[END_REF]. As shown in Figure 2.7, the column parallel ADCs are composed of parallel comparators, counters and memories for each column. The comparators are driven by a Ramp Digitalto-Analog Converter (DAC) and the pixels outputs. The noise performance of CIS depends not only on the pixel output but also on analogue read out circuits. Therefore, testing of the read out circuit performances is often included during CAB testing. 

DAC test

The DAC static testing can be performed by applying various codes to the input and measuring the output voltage. To independently test the DAC, the input of the DAC needs to be fully programmable instead of managed by on chip digital logic circuitry. The input codes of the DAC are programmed through a CIS interface such as I to '010', where bit-2 changes from '0' to '1', DAC output has 1.5 LSB higher than its idea value. When DACs inputs change from '011' to '100', where bit-1 changes from '0' to '1' and bit-2 from '1' to '0', the DAC output has 3 LSB lower than its idea value. 

ADC test

During the ADC test mode, the inputs of the column comparators are generated by an internal DAC or externally via analogue MUXes. As shown in Figure 2.9, in test mode switches ENVX are off to cut the inputs of the column ADCs from the pixels outputs VX<n>, and the test signal VXREF is connected to the ADC input VX by setting switches ENTEST to on. Since column ADCs typically use CDS readout scheme, the test input VXREF should swing between two voltage references in each readout period to generate the delta voltage between the two samples 'cds1' and 'cds2'. The delta voltage will be converted by the ADC to the pixel output value in an image. As shown in Figure 2.10(a), when using internal DAC for VXREF signal generation, the DAC output swings between the two CDS samples. 

Bit Line Test

In Bit Line Test (BLT), the white and black clumps connected to each VX are used for the generation of the column ADC inputs, as shown in 

Alternative test solutions

The actual CIS industrial test for sensor array and CAB is mainly based on optical tests, as for CCD, without taking into account the advantages of CMOS technologies that have facilitated the on-chip test. Unfortunately, the optical test is much more complicated to realize than the electrical test. On-chip BIST techniques can reduce the production test time and costs by avoiding most optical tests.

A BIST solution for the detection of defective pixels

A BIST solution for the detection of defective pixels without optical resources has been presented in [21] [22]. The principle of this technique is to find defective pixels by capturing an electrical generated image instead of capturing the photon generated image.

The electrical image is generated by applying an electrical stimulus on the anode of the photodiodes. Both integration pixel and logarithmic pixel were considered as case studies in this paper. The BIST principle and test sequence for an integration pixel is illustrated in Figure 2.12. First, a reset voltage is established to the node ! !! through transistor M1, then an electrical pulse is applied to the photodiode anode which will increase the voltage level of the cathode ! !! . The delta between reset level ! ! and test stimuli generated level ! ! will be read out as pixel output. Since the time interval between readout of ! ! and ! ! is too short, charge accumulation on cathode of the photodiode is negligible.

This technique largely reduces test time and costs by saving test equipment cost due to optical test and reducing the number of images to be captured. The author mentioned that this technique may also be used to test the devices in the field and for diagnosis purposes.

However, this technique was not able to replace optical test completely, because the photosensitive element cannot be completely tested. Another issue of this technique is that the test pulse needs to be applied to the anode of the photodiode that corresponds to the substrate of the transistors. This is difficult to realize at wafer level for EWS.

(a) (b)

ASIL pixel for on-line ADC test

The Automotive Safety Integrity Level (ASIL) pixels were initially developed for an automotive product within ST Imaging division. The purpose of ASIL pixels is to verify the readout circuit in a real time by on-line generation of ADC test inputs within every frame of image.

As shown in Figure 2.13, in ASIL pixel the photodiode is replaced by a voltage input.

The voltage inputs are tapped from a resistive ladder. The TG transistor works no more as a transfer gate but as a simple switch transistor. Two rows of ASIL pixels are added below the pixel array at the dummies rows and near column ADCs input. The same pixels are also need to be added above the pixel array for the reason of mismatch.

Figure 2.13 ASIL pixel architecture.

In-field pixel defect detection

Continued increase of pixel density and size of the pixel array make the growth of in-field defects in CIS more and more important. This could be caused by either the lack of fault coverage of the current industrial test or the aging phenomena. Depending on the applications of the image sensors, the image quality degradation caused by defective pixels may be highly undesirable or unacceptable due to the loss in photometric accuracy.

Among the in-field defects, the individual hot pixel defects are more significant than other defects. The hot pixels appear to develop suddenly and do not heal or disappear over time. They are distributed randomly across the array of pixels [START_REF] Leung | Quantitative analysis of infield defects in image sensor arrays[END_REF]. Today, the solutions for in-field defects are seemingly limited to either sensor replacement or a combination of software correction and in-field calibration.

An on-line mapping of in-field defects technique has been proposed in [START_REF] Dudas | On-Line Mapping of In-Field Defects in Image Sensor Arrays[END_REF]. This technique identifies the defect location and type based on an image processing algorithm.

The defective pixels were identified based on the output value of the pixels. However, software algorithms cannot always recover the entire distorted signal. [START_REF] Dudas | A Fault-Tolerant Active Pixel Sensor to Correct In-Field Hot-Pixel Defects[END_REF] proposed a pixel architecture that integrates a fault-tolerant circuit to identify the defective pixel location in addition to the software algorithms. With this technique, a hot pixel affects only half the redundant components of the pixel. The advantage is that there is no additional complexity in terms of control circuitry. However, it increases pixel area that is required for enclosing the added transistors.

Conclusion

Optical test is the most costly part for image sensors production testing. The key to decrease test cost and increase fault coverage and yield is to find alternative solutions to optical test. Some experimental practice for CAB testing has been applied for certain high-end products. We found also several test solutions for in-field pixel defect detection. However, the electrical root causes of these defects were not clearly indicated.

By studying the failure mechanisms of the CMOS image sensor, based on the fabrication process and circuit architecture, electrical faults can be extracted. In the next chapter, a study of failure mechanisms of CIS will show how the electrical faults influence the function of the circuits and result in image defects. The links between optical and electrical faults will be clarified.

Chapter 3

Failure mechanisms and fault models of CIS

This chapter first gives an introduction of the manufacturing failure mechanisms of CIS.

Next, the image failures are described. Faults are classified into electrical and optical faults, according to the source of the failure mechanism in an electrical circuit or an optical component. Examples of images failures arising from electrical faults are illustrated.

Failure mechanisms

A CIS can fail in any moment of its lifetime as a result of varied causes such as a design weakness, an inadequate manufacturing operation or on aging phenomena in the field. In this work, we concentrate on manufacturing failure mechanisms. Like in any Integrated Circuit (IC), CIS failure mechanisms during manufacturing can be classed into three categories:

" Global process deviations occur often during an immature period of a technology, and become gradually stabilized with the adjustment of process control parameters. These are readily monitored by tests structures called Process Control Monitors (PCMs) which are placed in the wafer scribe lines. " Local process variations are the variation of parameters such as transistor length, width, and oxide thickness, which could be intra-die or inter-die across the wafer, wafer to wafer or lot to lot. The sources of the local process variations mainly come from the roughness of the components edges or doping concentration variations. These variations may affect the components electrical properties and then impact circuity performances, which is especially critical to analog design. However, it can be estimated by design with corner simulations. " Spots defects are random phenomena mainly caused by contaminations such as particles in the fabrication environment or residues in fabrication process.

Despite that the size and frequency of the spot defects are strongly limited by the fabrication environment and process control, spots defects are still recognized as the main root cause of IC failures [START_REF] Huang | Diagnosis of Local Spot Defects in Analog Circuits[END_REF].

Image failure

An image failure is defined as the appearance of image defects that are out of specifications. For testing of color image sensors, the detection of image defects is performed for each color frame independently.

Most color imaging chips utilize a repeating tile pattern of the Bayer Color Filter Array (CFA) [START_REF] Bayer | Color imaging array[END_REF]. As shown in Figure 3.1, an image is composed of four color frame: Red(R), Green-Red(Gr), Green-Blue(Gb), and Blue(B). The discussions below are based on single color frame.

Definitions

We give here several definitions used in optical test.

" Image Inner and Outer Region

The inner array is center justified, in the x and y axis, as shown in Figure 3.2. The inner array is 50% of the full width and 50% of the full height of the larger outer array. Therefore the inner array is one quarter of the area of the full array. 

Pixel defects

Pixel defects are usually categorized in three types [START_REF] Jozsef | Robust detection of defects in imaging arrays[END_REF]: Dead, Hot, and Stuck Pixels. Figure 3.5 shows the effect of pixel defects in an image.

(i -1, j +1) (i , j +1) (i +1, j +1) (i -1, j ) (i , j ) (i +1, j ) (i -1, j -1) (i , j -1) (i +1, j -1)
" Dead pixel or Stuck-Low pixel responds to all light intensities with an output of nearly zero, which often results in a black spot. " Hot pixel or Stuck-High pixel, also called White pixel, is a pixel with its value stuck at a maximum all the time. It produces a bright spot in the image. It often comes from electric leakage in pixel circuits. Since the leakage current increases with temperature, it is usually much more visible at high temperature and high ISOs. For the detection of defective pixels in production test, the definition of pixel defects is slightly different. To describe defective pixels, we use a Kernel of !×! pixels, like in Figure 3.4, with the incident illumination at location (!, !) denoted by!! !,! . The defective pixel is defined by a percentage deviation of the pixel from the mean of the kernel that can be represented as

! ! !,! = !"#$ !"#$ ! -! !,! !"#$ !"#$ ! (3) 
where !"#$ !"#$ ! is the mean of the kernel that can be calculated by

!"#$ !"#$ ! = !"# !"#$ ! !"#$ !"#$ ! (4) 
Therefore, the percentage deviation can be derived

! ! !,! = 1 - ! !,! • !"#$ !"#$ ! !"# !"#$ ! (5) 
The thresholds of defective pixel are set above shot noise and sensor noise levels to avoid false detections. Two threshold levels are used to define the failure type: Minor Pixel Defect (Minor PD) and Major Pixel Defect (Major PD) [START_REF]Generic optical test specificaion[END_REF]. Pixels are then classified as follows:

!"#$% !,! = !"##, !"#$%!!"#$%!!"#"$%, !"#$%!!"#$%!!"#"$%, !! !"!! ! !,! ≤ !"#"$!!"#$%!!"#$%!!"#"$% !"!!"#"$!!"#$%!!" ≤ ! ! !,! ≤ !"#"$!!"#$%!!" !"! ! !,! ≥ !"#"$!!"#$%!!"#$%!!"#"$%! (6) 

Image defects detected by using pixel fail map

The defective pixels are stored in the pixel fail map as bitwise data. The fail map is then processed for image defects by categorizing the type and quantity of defects. The defect categorization is shown in Table 3.1. The defect pixel!! !,! has at least two failing neighbors.

Defect category Description

Blob

All the neighbor pixels of the defect pixel!! !,! fail.

Table 3.1. Pixel defect categories.

A total defect count is then performed by counting each category of defect in the fail map for wafer sorting with a limit for each category of defects. The total defect count is also computed for Inner and Outer Regions. Different limits are applied to Inner and Outer Regions.

Some defects such as single pixel and couplet defect can be corrected. These defects are allowed as they can be removed with subsequent defect correction or are defined in the customer specification.

Large serious image defects

Unlike correctable pixel defects mentioned above, this section will illustrate several types of uncorrectable large image defects. According to our studies on products at large volume, we found three types of large image defects that can have an important impact on yield: VFPN, HFPN, and Shape defects. To identify shape defects, a large Kernel (!"#$ !! ) mean is compared with a small Kernel (!"#$ !! ) mean to detect gradual changes within the image. Similar as defective pixels detection, the percentage deviation of a shape is used for computation. This is represented as

!ℎ!"# ! !,! = 1 - !"#$ !"#$ !! !"#$ !"#$ !! (7) 
With kernel mean calculated by

!"#$ !"#$ ! = !"# !"#$ ! !"#$ !"#$ ! (8) 
The percentage deviation of a shape can be expressed as

!ℎ!"# ! !,! = 1 - !"# !"#$ !! • !"#$ !"#$ !! !"# !"#$ !! • !"#$ !"#$ !! (9)

Optical bins of image defects

According to the form of image defects, the optical bins are used for image failure die sorting. The most used bins are listed in Table 3.2.

Bins Name Descriptions

Good dies with correctable defects Single Pixel Pass The number of single defective pixels is below limit.

Couplets pass

The number of couplets is below limit.

Full image performances

Light SNR Signal to Noise Ratio beyond limit

Light PRNU

The PRNU of light image beyond limit 

Electrical and optical faults in CIS

The manufacturing failure mechanisms of CIS can occur in electrical circuits or optical components, or both of them. According to where a failure occurs, the faults in CIS can be classified as electrical faults and optical faults.

Optical faults

Optical faults are failures occurring in optical components such as Deep Trench Isolation (DTI) between pixels used for isolation of photodiode, micro-lenses, color filters, or lenses of camera module. 

Electrical faults

In general, electrical faults can be modeled as either catastrophic faults (shorts and opens) that change the topology of the circuit, or parametric faults that do not change the circuit topology but result in deviations of the component parameters from their nominal ones [START_REF] Huang | Modélisation de fautes et diagnostic pour les circuits mixtes/RF nanométriques[END_REF].

" Catastrophic faults are often caused by spot defects in production that can take the form of missing or extra material. They can also be caused by reliability related failures like electro-migration. In most electrical circuits, opens and shorts are the fundamental physical defects. Some defects such as partial open and resistive bridges may not cause a gross failure but only timing related errors or degraded reliability [START_REF] Chakrabarti | Fault diagnosis for mixed-signal electronic systems[END_REF]. Electrical faults may induce a fundamental change of the circuit electrical performance such as abnormal power consumption or errors on digital logic or memories. They can make a CIS completely dysfunctional. However, certain electrical faults, either catastrophic faults or parametric faults, may just produce image failures without inducing a dysfunction of the whole circuit, especially when the defects occur in the pixel array. 

Image defects arising from electrical faults

The image failure of CIS can be caused both by defects of the optical components (as shown in Figure 3.8) and failure on electrical circuits. The last one plays a more important roll on optical failures found on production test. FPN is a typical type of image defect that causes significant yield loss and has insufficient fault coverage in industrial test.

The random FPN is mainly caused by process parameter variations, like the threshold of the transistors for pixel amplifiers and RD/RST switches. The VFPN arises from the column-parallel read out circuits such as column ADCs or bit lines, while HFPN defects are strongly linked to the defects on pixel bias and addressing [START_REF] Purcell | Image Artifacts Caused by Pixel Bias Cells in CMOS Imagers targeted for mobile applications[END_REF].

(a) (b)

residues SF RST

The FPN due to process variations can be evaluated by corner simulation during design. It is typically largely reduced by using FPN reduction techniques during data readout, such as analog Correlated Double Sampling (CDS) [START_REF] Yonemoto | A CMOS image sensor with a simple fixed-patternnoise-reduction technology and a hole accumulation diode[END_REF] [START_REF] Fujimori | A 256/spl times/256 CMOS differential passive pixel imager with FPN reduction techniques[END_REF], dual digital CDS [START_REF] Yoshihara | A 1/1.8-inch 6.4 MPixel 60 frames/s CMOS Image Sensor With Seamless Mode Change[END_REF], or other methods via optical flow [START_REF] Lim | Gain fixed pattern noise correction via optical flow[END_REF] [START_REF] Bohndiek | Characterization and Testing of LAS: A Prototype `Large Area Sensor' With Performance Characteristics Suitable for Medical Imaging Applications[END_REF]. Thus, devices that fail due to FPN during production testing present mainly V/HFPN faults that are caused by spot defects.

Today's trend towards high resolution CMOS image sensors requires smaller pixel sizes and higher density. To meet such design requirements, the space to root interconnection lines, which need to traverse the whole pixel matrix, becomes much narrower [START_REF] Shcherback | Photoresponse analysis and pixel shape optimization for CMOS active pixel sensors[END_REF]. Due to this reason, most often several long lines are routed in parallel, respecting minimum line width and line to line spacing. The great length of these lines and the increasing number of pixels connected to them result in higher defect probabilities.

HFPN in CIS using 1T75 pinned photodiode

HFPN failure presents a fault coverage rate problem for several products, leading even to a risk of customer loss for products using 1T75 pixel architecture. The source of HFPN failure was carefully analyzed on products using 1T75 pinned photodiode pixels. The architecture of a 1T75 pinned photodiode pixel has been briefly presented in section 1.2. Its readout principle is similar to 4T pixel illustrated with timing diagram in Figure 1.4. The HFPN failures present on these products are categorized in three types: whole line HFPN, partial HFPN, and chopped HFPN. After deprocessing of Failure Analysis (FA), the thin film layers are removed until the layer of horizontal metal lines for addressing the pixels. An abnormal metal residue was observed between two metal lines for addressing of this row of pixels, as shown in Figure These residues caused a short circuit between the TG0 and FD nodes in a unit of pixels, as shown in Figure 3.13. As explained in Figure 1.4, every time the RST transistor is set to high, the FD node is set to!!"#$. Due to the short circuit, node TG0 will also be set to

Whole line HFPN

(a) (b) 
! !"#$ by FD node. As a result, all the photodiodes controlled by TG0 (other than those in the unit) have been discharged before they were read and the corresponding pixels appear always dark, which creates an HFPN-CHOP failure on the image. In addition, the shorted FD node of the unit is loaded by TG0 when it is read, and the four pixels connected to this FD are bright.

Figure 3.13 A short circuit between the TG0 and FD nodes in a unit of 1T75 pixels.

Evaluation of metal bridging sensitivity based on pixel layout analysis

Caused by spot defects, metal bridging in the pixel array are sensitive to the layout of the pixel. An analysis of sensitivity based on pixel layout is done for a 1T75 front side illumination pixel and a 4T backside illumination pixel. Figure 3.14 shows the layout of Metal-1 layer of these two pixels. The possible metal bridging is indicated with a number in the figure and described in Table 3.3. The bridging sensitivity is computed with the following equation:

!" = ! ! ! ( 10 
)
where ! is the length of the gap between two metals, ! is the distance between two metals, ! is the area of the pixel. 

N° Signals

Fault modeling of resistive open/short in interconnection lines

As mentioned before, HFPN faults are mainly caused by defects in horizontal interconnection lines in the pixel array. The fault coverage of the current optical test is not sufficient for these defects. It cannot detect weak open or short defects. This may cause HFPN failures in certain conditions in the field. They can evolve into catastrophic defects as well. Therefore, our study needs to target the detection of Resistive Open (RO) or Resistive Short (RS) defects in pixel horizontal interconnection lines. 

Conclusion

This chapter has provided an introduction to the failure mechanisms of CIS. The major image failures as well as the detection techniques with image processing are explained.

According to the failure mechanism occurring in electrical circuits or optical components, the faults are classified into electrical faults and optical faults.

The source of image defects is studied. It is shown how the electrical faults influence the function of the circuits and result in image defects. The HFPN failures in CIS using 1T75 pixels are further studied. The sources of electrical faults are open and short defects in the pixel addressing and control lines. The metal bridging sensitivity in pixels has been shown according to the analysis of the pixel layout.

The fault models of Resistive-Open Defects (ROD) and Resistive-Short Defects (RSD) in interconnection lines are then established. Analogue fault simulation has been performed considering a defect resistance in the faulty lines and coupling capacitors between lines in order to illustrate the principle of defect detection.

Chapter 4

HFPN fault coverage improvement in CIS testing

Our studies on devices produced at large volume have shown that HFPN is one of the common image failures encountered on products that present fault coverage problems. This is one of the main causes of customer returns for many products. During production optical testing, the H/VFPN values can be extracted by comparing each row/column with adjacent rows/columns. Devices can then be sorted according to this. However, this optical test procedure is insufficient to reveal all defects due to a lack of time for capturing enough images in varied illumination conditions, or due to the lack of precision for image processing.

As described in Section 3.4, HFPN failures arise from changes of electronic circuit topology in pixel addressing decoders or the metal lines required for pixel powering and control. These changes are usually due to the presence of spot defects, causing some pixels in a row to operate incorrectly, leading to an HFPN failure. Moreover, defects resulting in partially degraded metal lines may not induce image failure in limited industrial test conditions, passing the optical tests. Later, these defects may produce an image failure in the field, either because the capture conditions would be more stringent, or because the defects would evolve into catastrophic faults due to electromigration. This chapter will first present an analysis of a customer returned failure sample to demonstrate the lack of fault coverage for HFPN faults in current optical test. Following a review of the current HFPN detection algorithm, we present an enhancement of the algorithm in order to improve the fault coverage of the optical test. Next, a built-in selftest structure for on-chip detection of weak open/shorts in horizontal lines will be presented.

Insufficient HFPN fault coverage

As indicated in Section 3.2, the detection of image defects during optical test is performed for each color frame independently. Thus, the max-HFPN of each color frame is extracted.

The devices analyzed in this study used a Bayer color filter array that is composed of four color frames: Red(R), Green-Red(Gr), Green-Blue(Gb), and Blue(B). The dies with max-HFPN higher than 8 codes are represented by dark-red color. The max-HFPN limit for this product is set to 10 codes. This makes the dies with max-HFPN beyond 10 codes to be sorted as HFPN failure. The indicated die on the bottom of the wafer map passed the HFPN test on EWS but it was returned by a customer because of an HFPN fault. It has the max-HFPN value of 8.54, which is under the max-HFPN limit for this product. HFPN values of each color frame in this die are also indicated in Figure 4.2, with 5.75 for Red frame, 4.66 for Gb-Frame, and 3.41 for Blue Frame. After the failure device was returned, it was first re-tested with the same conditions performed in EWS. The test result is still the same as before and contains the same max-HFPN value of 8.54 codes for Gr-Frame.

In the current optical test, to cover this HFPN fault, the HFPN limits should be tightened to 8 codes, but that will lead to a significant yield loss. This can be illustrated by the statistical analysis of the HFPN test at the lot level, as shown in Figure 4.3. The test results per color frame are represented by the box-and-whisker-plots. The horizontal axis is the wafer number, and the vertical axis is the max-HFPN value. The returned sample is in wafer-03. Its median values in the four color frames are all aligned with other wafers.

If the HFPN limit is set to 8 codes, there will be a significant number of dies sorted as HFPN failure, which will cause yield loss. Some dies with max-HFPN value just below the limit resulted in customer returns. The test limits for EWS are therefore hard to adjust due to the trade-off between fault coverage and yield. An improvement of the current optical test is then required. To well understand the weakness of the current HFPN test, the next section reviews the algorithm applied on images captured on the failure sample.

Review of the algorithm for HFPN detection

Based on the pixels' averages of each row, HFPN is calculated by comparing each row in question to several adjacent rows (usually 5 rows above and 5 rows below are used for comparing). This test is performed both under dark and light conditions and for each color frame independently. of all rows is 0.425. There are three abnormal rows with their HFPN value much larger than the mean. They are the row<465>, the first row and the last row of the image, with

!"#$ ! = 5.25, !!"#$ !"# = 8.54, !!"#$ !"# = 2.42
The row<465> is indeed a defective row that is visible in test images, but the abnormal HFPN values of the first and the last rows are due to computation effects. The HFPN of the first row at the bottom is calculated considering as reference only the 5 rows above. Similarly, for last row at the top, only 5 rows below can be used. Due to the illumination conditions the photo response is gradually weakened from the center to the borders, and the reference values have an offset for the top and bottom rows, as shown in Figure 4.5.

Here, the blue curve gives the average value of the pixels in each row, and the red curve is the reference for HFPN calculation. The reference for the first and last rows has a significant offset with respect to the row average. 

Improvement of the algorithm for HFPN detection

The analysis of the above failed sample shows that under light conditions the HFPN computation needs to be improved for top and bottom rows. It is also important to detect weaker HFPN faults that may be hidden when only the max-HFPN value is provided.

ROI without border rows for HFPN detection

A first improvement is to use different Regions of Interest (ROI) for the top and bottom rows, with test limits that can be specific to these regions, while the other rows will be able to have a tighter limit. This change can increase the HFPN fault coverage without impacting yield.

However, due to the limitation of data storage capacity in production test, only the max-HFPN per color frame is stored as HFPN test results. There were no images stored for the tested products. Thus, the assumption of max-HFPN offset cannot be verified on the past production test data. To secure the current yield, the change of the max-HFPN limits was not applied to the production test right away.

Validation on production test

On the other hand, the test program has been modified to store the max-HFPN of different ROIs in order to verify the analysis of border effects on HFPN calculation. The results of a wafer test are shown in 

Using column ROIs for partial-HFPN detection

A second improvement is the use of column ROIs for the detection of weaker HFPN faults caused by the degradation of some of the pixels in a row. For example, Figure 4.7 shows the HFPN computation that has been performed for 6 ROIs of 160 columns each.

The HFPN distribution of each ROI shows that row <465> is gradually degraded from left to right and that there may be a spot defect located in ROI-L2. 

On-chip test of horizontal wires in pixel array

As explained in section 3.3.3, the VFPN and HFPN arise from failure of electrical circuits, especially interconnection lines in pixel array. A study of the customer returned devices has shown that weak open or shorts in the interconnection lines of the pixel matrix are the most important escaped failures. This is because the metal interconnections are very long and the high density may cause high failure rate of open or short circuits. The great challenge of shorts caused by sub-micron particles for image sensors was also reported by Sony [START_REF] Ebiko | 35mm full-size CMOS sensor Sony's image sensor technology[END_REF]. The risk of horizontal and vertical imperfections will increase with the increasing of the CMOS sensor size. The unavoidable presence of sub-micron particles at the manufacturing stage causes a yield issue, because they easily provoke shorts or opens and render the sensors useless due to the high density of the optical elements and circuits in the pixels and wirings around them.

The Bit Line Test presented in section 2.2.4 can be used for detection of vertical lines VX that interconnect pixel outputs and column ADCs. However, there is no solution for an early test of the horizontal interconnections for non-catastrophic defects. We have studied two schemes to detect these defects: Voltage-based DC measurement of the lines resistance, and signals delay measurement in the lines. In this section we will present the development of these two schemes.

Voltage-based DC measurement of the resistance of the metal lines

Facing a seriously customer return due to defects in horizontal interconnections during a production ramp up, an idea of on chip test of horizontal wires is first proposed by several CAB analogue designers. This initial idea aims to measure the resistance of the horizontal wires, so to detect Resistive Open Defects (ROD) in the wires or parametric faults in voltage regulators that are used to drive the signals in these wires. In this thesis, we first develop and evaluate this idea. simplify their implementation, a single ADC is used for the measurement, and a Y-Decoder for selection of the LUT is placed on their outputs.

The source current is obtained via a current mirror with its operating bias provided by an on chip generated reference current. The ADC for voltage measurement is the same as Column-ADCs for pixels readout that simplifies the test circuit implementation. Since the column-ADC uses often auto-zeroed comparator to remove the offset, a differential voltage measurement is required. Thus, two different currents I1 and I2 are sourced to the line by using the current source. The differential voltage

∆! = ! ! -! ! (11) 
that is measured divided by the current difference

∆! = ! ! -! ! (12) 
that is sourced gives the value of the resistance as

! !"#$ = ∆!/∆! (13) 
Figure 4.9 illustrates the implementation scheme of this test structure for a pixel array, where the switches on each lines and a decoder to select the LUT is added on the opposite side of the addressing block. 

Test technics for memory arrays

Pixel arrays in CIS contain identical cells with address lines and readout bit lines similar to the case of memory arrays. The study of the test technique for memory arrays may give some inspiration for testing pixel arrays. Many works on testing resistive open defects in memory address decoder have been presented as in [START_REF] Dilillo | Comparison of open and resistive-open defect test conditions in SRAM address decoders[END_REF].

A new test method to increase the fault coverage of the resistive open defects was proposed in [START_REF] Azimane | New test methodology for resistive open defect detection in memory address decoders[END_REF]. The slow-to-rise and the slow-to-fall delay faults can be detected by varying the duty cycle of the internal clock of the address decoder.

Previous techniques for detection of delay faults in interconnect lines

The detection of non-catastrophic defects in metal lines is not a new topic. A method to predict the effect of early defects on the failure rate of metal interconnections was proposed in [START_REF] Kemp | The effects of defects on the early failure of metal interconnects[END_REF]. An experimental result of the effect of non-catastrophic defects on long interconnection lines due to local process defects has also been published in [START_REF] Wagner | The effect of spot defects on the parametric yield of long interconnection lines[END_REF]. The authors also mentioned the impact of this on yield lost.

Recently, an RF impedance monitoring method for early detection of interconnects degradation has been considered in [START_REF] Kwon | Early Detection of Interconnect Degradation by Continuous Monitoring of RF Impedance[END_REF]. The RF impedance exhibits higher sensitivity to interconnect degradation than DC resistance measurement. However, it is difficult to apply RF impedance monitoring in production testing, because the test equipment, like Vector Network Analyzer, is not available on tester. Additionally the interconnection lines in pixel matrix are not accessible. To take the advantage of impedance monitoring for early detection of non-catastrophic defects, we need thus an alternative test solution.

As the signals propagation delay in metal interconnections is strongly dependent on the impedance, the delay measurement comes up to a suitable solution for our case. In [START_REF] Wu | Crosstalk Fault Detection for Interconnection Lines Based on Path Delay Inertia Principle[END_REF], a simple delay test scheme was proposed for delay measurement. By just applying the Critical Width Pulse (CWP) to the lines under test, and detecting if it successfully propagated to the output, the simplicity of the scheme becomes the biggest advantage of this technique.

However, in image sensors, it is not feasible to apply an identical CWP to all the interconnection lines in thousands of imager rows without modifying the addressing decoder blocks that are critically analog designed. Therefore, novel test solutions based on delay measurement for non-catastrophic defects in metal lines in pixel array in CIS have been proposed in this work.

Delay fault detection for testing horizontal lines in pixel array

The first version of the novel test solutions for horizontal interconnections in pixel array is based on delay measurement by comparing the signals in the LUT with a reference signal. The principle of the on-chip delay-based impedance measurement technique is shown in Figure 4.11. width proportional to the delay between the two input signals. Next, a Pulse Detector (PD) detects the presence of a pulse. By controlling the delay in the reference lines buffer, the delay between the LUT and reference line signals can be reduced step by step. The width of the generated pulse decreases as the delay between the two lines decreases. When the delay is small enough, no pulse is generated. The number of steps counted in a Delay Controller can be used to estimate the delay between lines. The Delay Controller controls the reference line buffer and reuses an on-chip DAC that is required for controlling the slope of the TG pixel signal in normal operation.

The implementation scheme of this test structure for a pixel array is illustrated in Figure 4.12. Line Delay Detectors (LDD) are added at the end of the pixel addressing lines without modifying the addressing block. The inputs of each LDD include a set of addressing lines under test and a reference line. A buffer that includes a Voltage Level Shifter (VLS) drives each addressing line. The reference line is also driven by the same kind of buffer. During the test of a LUT, the mixed-signal buffers for the LUT and reference line receive the same digital signal at the input, with a maximum digital voltage DVDD=1.2V, and produce at the output a signal with a maximum voltage VANA=3.3V. The LDDs also work with analog voltages. Although the simulation results show that the solution works well for a single line, we found that using a global reference line is difficult for implementation, because it can only be put in the top or bottom of the pixel matrix and that makes a significant delay difference between top and bottom.

Novel Analog BIST of horizontal lines in pixel array

Addressing the challenges faced by the previous solutions, we proposed a new solution that is based on a novel delay detector and the corresponding Built in Self Test (BIST) architecture for horizontal lines in pixel array. In this model, a defect in a line results in a change of its RC behavior. For a rising (falling) edge sent from one end of the line, at the other end this edge will have a slope that depends on the time constant (RC) of the line. As defects increase the lines RC value, the signals rise (fall) time in the defective lines will be larger than in fault free lines. So, the measurement of the signals rise (fall) time can be used to detect the defective lines. We will consider in this work the measurement of the rise time.

To apply this principle on the horizontal lines in pixel array, we simply use the functional signals generated by the pixel array decoder. These signals are the square waves sent at one end of the lines. The rise time at the inputs of the lines is several orders of magnitude lower than at the outputs of the lines. We can then neglect the variability of the rise time at the input.

Our BIST structure is composed of two stages. The first stage measures the rising edges of the signals in each horizontal line to get the information on their rise time. The second stage decides if a line under test is faulty or not according to the information given by the first stage. The use of this BIST technique will not increase test time at all, because the test operates during image capture.

Building blocks for measurement of the signals rising edge

In the first stage of the new BIST technique, we use a block called Line Propagation Delay Detector (LPDD) for measuring signals rising edge in each LUT. The LPDD is composed of two voltage comparators that are put on the opposite side of the pixel array decoder. The two comparators are triggered at different voltage levels and generate two signals with a time interval between their rising edges proportional to the rise time of the signal in the LUT.

For the design of the LPDD, both analog differential comparators and simple inverterbased comparators can be considered. A voltage-crossing detector for measurement of digital signals rise time at GHz range is proposed in [START_REF] Safi-Harb | A CMOS circuit for embedded GHz measurement of digital signal rise time degradation[END_REF]. Figure 4.15 shows the topology of this detector that is composed of two analog differential comparators. This technique based on analog comparators has high measurement precision and process independence. However, it is not convenient for CMOS imager test due to large silicon area and too high power consumption. As mentioned by the author, to detect a rise time in the order of 100ps, a current as high as a few mA is needed for current bias. By increasing the capacitor C in parallel with the biasing source to several hundred fF, the current can be reduced in the order of few µA. Even so, it is still non-negligible for testing thousands of lines in a pixel array, and a large wafer area cost may added due to the use of large capacitors.

Unlike the analog comparators, the static consumption of the inverter-based comparators is almost zero and their dynamic consumption is also quite small. Therefore, the inverterbased comparators is more convenient for our BIST application, requiring small silicon area and power consumption. The precision of the inverter-based comparators is also sufficient for our testing purposes.

Two type of inverter circuits are used to realise the different voltage levels triggers. First, a Low Threshold Inverter (LTI) is used for low voltage level triggering. It is designed by making the W/L ratio much larger for the NMOS transistor than for the PMOS one.

For high level triggering, we use a half Schmitt trigger (SMT). A CMOS Schmitt trigger is a circuit with positive feedback which makes its output retain its state until the input raises above an upper trigger point or goes below a lower trigger point, as shown in The transistors MN2 and MP2 have higher threshold voltage than MN1 and MP1 due to the body bias effect, and the feedback transistors MN3 and MP3 provide hysteresis to the output curve. The variation of W/L ratio of transistors MN1 and MN3 have influence on the falling edge of the hysteresis curve, while the MP1 and MP3 have influence on rising edge. As shown in Figure 4.17, by increasing the W/L ratio of transistor MN3, the falling edge will shift toward the right side, which means that the upper trigger level is higher; and by increasing the W/L ratio of MP3, the rising edge will shift to the left side. The trigger threshold of the SMT (V !" ) mainly depends on MN1 and MN3. It can be roughly calculated as follows. When V !" increases from GND level, V !"# < V !"# and MN2 is cutoff. When V !" = V !" , we get V !"# > V !"# and MN2 becomes active. Since MN1 and MN3 are in the saturation region, we have :

! !"! = 1 2 ! ! ! !" -! !!! ! !! = !! ! !"! = 1 2 ! ! ! !! -! !" ! !! (14) 
! ! ! ! = (! !) ! (! !) ! = (! !! -! !" ) ! (! !" -! !!! ) ! (15) 
For further saving wafer area and facilitating the layout, the first stages of the SMT and LTI can be designed with only NMOS transistors as shown inFigure 4.19. An additional test control signal, RESET, is used to reset the LPDD. A timing diagram of the LPDD operation is shown in Figure 4.20. The LPDD is first reset by a RESET pulse, so both the SMT and LTI are set to '0'. When a signal rising edge arrives at the LPDD input, the LTI circuit is first triggered at a low voltage level and t hen the SMT circuit is triggered at a high level. The time interval between the outputs of both circuits is proportional to the rise time of the input signal. This can be used in the next stage for detection of defective lines.

Using DFF for lines sorting and read out of the test results

After getting the information on the rise time of the signals in LUT, it will be used in the next stage for lines sorting. Several schemes have been proposed for this stage. We present in this section the scheme using D flip-flop (DFF). In this scheme, the time interval between the LTI and SMT output signals is compared to a reference time. The comparison result is stored in a DFF that can later be read out. The value stored into the DFF depends on the rise time of the LPDD input signal that can be illustrated as follows:

• In the case of a fault-free LUT, the input of the LPDD has a fast rising edge, and the SMT output switches to '1' before a rising edge of the TRG signal arrives. A value '1' will be then stored into the DFF. • If the LUT has a high impedance due to the presence of a defect, the SMT output will switch after the TRG signal, and a value '0' will be stored into the DFF indicating a defective LUT. • In case of catastrophic defects present on the LUT, neither the TRG nor the SMT signals will show an edge, and the DFF will hold its initial value.

A third debug mode can also be added, with a global clock signal used as D-clock and the DFF taking as D-input the signal SMT. In this way, LUT stuck-at-'0' and stuck-at-'1' faults can be distinguished.

Using pulse generation and detection for lines sorting

In this section, we present another lines sorting scheme that is composed of a Pulse Generator (PG) and a Pulse Detector (PD), as shown in Figure 4.24. The PG contents three parts. An LTI following a VCDL is used to generate a reference trig signal TRG. A half Schmitt trigger is triggered at high voltage level of the input signal and generates SMT signal. A gate NAND is used as pulse generator that is sensitive to the delay between the signal TRG and SMT. For fault free lines, TRG and SMT will not be in the state high at the same time, so the output of the NAND will maintain a high state. In case of non-catastrophic defects, the impedance (RC) of the LUT will increase, so the signals rise time will be increased, as shown in Figure 4. 25 (b). Comparing to the fault free lines, the SMT falling edge will arrive later than TRG if the input signals rise time is large enough, generating a pulse through the NAND gate. The defective lines can be thus flagged.

LPDD circuit performance evaluation by simulation

The key of this technique is the performance of the LPDD. In this section, simulation results for evaluation of this part will be presented. The simulations are based on the design of a pulse generation structure. Corresponding to the schematics in Figure 4.24, the two main parts of this LPDD are: a) A Low Threshold Inverter (LTI) was designed with a NMOS W/L ratio much larger than PMOS W/L ratio, followed by a delay stage composed of a PMOS controlled delay inverter, an NMOS controlled delay inverter and an output inverter. b) A half Schmitt trigger makes the output falling edge trig at the high level on its input signal.

In this design, an additional PMOS is added on the LTI to reduce the influence of the process variations on the threshold voltage, following a process variation compensated solution for inverter-comparators that was proposed in [START_REF] Tan | A process-independent threshold voltage inverter-comparator for pulse width modulation applications[END_REF]. As shown in Figure 4.27 (a), the principle is to add an NMOS and PMOS at the supply rails used as variable resistors to compensate for the inherent threshold voltage variations of the inverter. Another study of this architecture is presented in [START_REF] Feng | A study of threshold variation compensated inverter-comparator for pulse circuits[END_REF]. As shown in Figure 4.27 (b), the circuit is simplified by adding only an additional PMOS. 

LPDD functionality check

The schematic used for these simulations is shown in Figure 4.29. The PG block (IPG0) has been illustrated in detail in the previous section. The analog power supply for PG block is 2.8V. The Line under Test (LUT) was modeled as an ideal resistance in serial and a capacitance in parallel. The PG delay controlling bias DELAYBIASP and DELAYBIASN are supplied by using current mirrors, with input current controlled by !"#$%%. 

LPDD performance analysis via simulation

A Monte Carlo (MC) simulation was performed to analyze the performance of the PG block. In this simulation we use an ideal LUT with resistance of 3kΩ and capacitance of 800fF. The nominal value is around 2.85ns with a 3-sigma deviation lower than 0.1ns. The variation is mostly due to transistor mismatch. This measurement resolution is enough for the detection of defects well below 1 kΩ.

The MC simulation was also performed on the VCDL block. The results are shown in For generating a 3ns delay, which corresponds to the time interval between LTI and SMT for the ideal LUT, the 3-sigma deviation is around 0.35ns. By using this VCDL in PG block, there is no pulse generated for the fault free lines. This ensures that the fault free lines will not be sorted as defective liens. On the contrary, the PG will generate a pulse when testing liens with resistive defects as small as 1 kΩ.

To further validate the performance of the PG block more simulations with variation of the Process Voltage and Temperature (PVT) corners are performed. These simulations contained the following variations: a) Process corners: Typical-Typical (TT), Fast-Fast (FF), Slow-Slow (SS), Fast-Slow (FS), and Slow-Fast (SF). b) Voltage corners: 2.6V, 2.8V, 3V. c) Temperature corners: -40, 27, 125°C An ideal LUT with resistance of 3kΩ and capacitance of 800fF is first used for studying the characteristic of the LPDD. The time intervals between TRG and SMT (T_T2SMT) obtained in worse case of PVT corners are listed in Table 4 However, by varying only the process, the maximum delay added by VCDL is 2.37ns in case of FS, and the minimum is 2.12ns in case of SF. The variation is 0.248ns.

Through these simulations, we can see that the LPDD is accurate for defect detection. On this scheme using a VCDL in PG, the PVT variation of the VCDL is larger than LPDD.

The performance of the VCDL impacts the performance of the PG. Among the PVT corners, the power-supply variation has most influence on the measurement accuracy, and the process variations have the least impact.

Layout of PG block

A first version of the layout was designed to estimate the wafer area needs and further validate the measurement accuracy. A big challenge for layout design is to ensure that the height of the PLDD block is the same as the pixels row height, at the same time that the width is as compact as possible. In this design the pixel pitch is 1.1µm, which is the smallest pixel size today. Therefore, these two transistors should have W/L ratio small enough to make sure they work in the strong inversion region with the small current. This ensures a small dispersion of the added delay. In this design they were set to W/L=0.4um/0.7um.

This design for testing four LUT takes an area of!4.4!"(!)×13!"(!) = 57.2!" ! . The LTI and Schmitt trigger inverter takes 65% of the area. In a 2T pixel architecture, there are four horizontal lines (TG, RST, VRST and SNBoost) for each row of pixels and 57.2!" ! are needed for testing all these lines.

Validation by Post Layout Simulations

The Post Layout Simulations (PLS) have also been performed. These simulations use the same schematics shown in Figure 4.29, but adding the parasitic capacitances and resistances extracted from the layout. We use the ideal LUT with R=3kΩ and C=800fF in the simulation. Figure 4.34 shows that the time interval between LTI and SMT increases linearly with the increase of the resistance and capacitance of the LUT. The sensitivity of the LPDD to the resistance and capacitance of the LUT is 0.727!"/!Ω and!2.67!"/!". The signal propagation delay in a LUT depends on its RC load, and the RC value is variable according to the PVT conditions. To avoid that good devices are sorted as bad devices, the delay added by VCDL should be set to maximum value in all PVT conditions of production test. So, a calibration test mode must be run to get this maximum value before the production test. This calibration mode is illustrated in For mass production test, the DELAYBIAS is set to the maximum value that has been found during calibration. The BIST works during the CIS normal capture mode. For each signal generated by YDEC and sent to a horizontal line, the corresponding LPDD will measure its rising edge. If the line is fault free, there is no pulse generated by PG. For a defective line, a pulse will be generated by PG and detected by PD. The number of the row, which is the input of the YDEC, will then be noted. 

Conclusion

In this chapter, we have discussed HFPN fault, which is a major source of failures in CMOS imagers, and presented techniques to facilitate the detection of the actual defects. 

Register for configuration (CONFREG)

The 40-bit configuration register (CONFREG) consists of a serial-in, parallel-out (SIPO) shift register with output latches. 
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Optimized Double-LPDD design

In section 4.6.4, we have presented the design of a LPDD that fits to 1.1 µm pixel pitch.

In the test chip DSI_PHOENIX, the design of LPDD is optimized to Double-LPDD to fit 2 µm pixel pitch that can further save silicon area. As shown in Figure 5.4, two branches of LPDD are combined together by using NOR gates. Only one of them is on active mode at a time. The other one is disabled using the reset signals !"#$#%& !"#"$#. In this test chip, there are four horizontal lines in each row of pixels that supply the pixel control signals: RD, RST, TG and M2boost. To simplify the design, we will test two of them for each row, but note that using two Double-LPDD blocks can test all the four lines.

The !" 1 is connected to the RD line and the !" 0 is connected to M2boost (for !"# 100: 418 ) or TG (for 419: 568 ). A test control block (T_CTL) generates the control sequence for reset of LPDD that is synchronized with the pixels readout signals generated by pixel array decoder. Figure 5.5 shows the timing diagram of !"## 1 for testing !" 1 . In test mode, the LPDD input enable signal EN is first set to high. The !"## 1 is enabled by setting !"#$#%& 1 to low and !"#$#%$ 1 to high. Meanwhile, the !"## 0 is kept at inactive mode with LTI disabled by keeping !"#$#%& 0 and !"#$!" 0 high, and SMT disabled by keeping !"#"$# 0 high and !"#$#%$ 0 low.

Before the arrival of the RD signal at the end of a LUT, the LTI and SMT of the !"## 1 are first reset by a negative pulse of !"#$#% 1 and a positive pulse of !"#"$# 1 . When a rising edge of RD signal arrives, the LTI is first triggered at a low voltage level, then SMT is triggered at a high voltage level. The time interval between rising edges of the outputs of the LTI and the SMT corresponds to the rise time of the RD signal.

Using bit lines and Time-to-Voltage Converter for readout of test results

The readout of the test results may also use a pair of bit lines instead of storing the results in a memory for each line as presented in section 4.5. As shown in Figure 5.6, each output of the LPDD drives an NMOS switch transistor with the drain connected to the bit line and the source to ground. The time interval between !"#〈!〉 and !"#〈!〉 is transmitted to the bit lines !"#$% and !"#$% that are read by a global circuit that sorts out the LUT defective lines. The bit lines are first reset to a high logic level before the test of a LUT. When a test signal triggers the LPDD and generates LTI and SMT signals, they are discharged through NMOS switches to low logic level. The two bit-lines !"#$% and !"#$% are carefully designed to have the same load. Since the TVC uses an analog power supply, the digital pulse is first shifted to analog power voltage level using a fast Voltage Level Shifter (VLS). As shown in Figure 5.8, the inputs of VLS !" and !" connect to the outputs of T_PG_VX: !"#$% and !"#$%. When !" is at logic high and !" is at logic low, MN1 turns on and MN2 turns off. Therefore, node n2 is pulled down to VSS that turns on MP2 and pulls up the node n1 to analog power AVDD. The additional transistors MN4 can accelerate the pull up speed of node n1. The same principle is applied for !" at logic low and !" at logic high. The output stage MN5 and MP5 are sized according to the current requirement of the next stage. The measurement is composed of three steps: the TVC is first reset by a !"#$%! pulse through transistors M3 and M4; next, before the signal !"#$%&' is arrived, M6 is turned on by a pulse of signal !"#$%&, so that capacitor C 1 maintains the voltage of reference! !"! ; finally, capacitor C 2 is discharged when transistor M2 is switched on by !"#$%&'. The voltage difference between ! !"! and ! !"! is read out for LUTs sorting. The resulting voltage at SH2 is proportional to the discharging time of the !"#$%&' through M2, that can be described by the equation below:

! !"! * = ! !"! - ! !"# ! ! ×! (16) 
The measurement range of the TVC is defined by the initial and minimum voltage levels of SH2 as follows:

! !"# = (! !"#$# -! !"#$% )! ! ! !"# (17) 
In our prototype, the power supply of the TVC is !"## = !2.75!!, !2! = !2.75!!. The initial voltage at SH2 is reset to !! ! = 1.6!. The hold capacitor ! ! is designed around 0.9 pF. To keep the current source of ICOL in the saturated region, the minimum voltage level of V SH2 is 0.2 V. Therefore, the measurement range is defined by the discharging current!! !"# that is adjusted between 0 to 7.4 uA by the external voltage !!"#$ in our prototype. The measurement ranges and transfer ratios are listed in The output stage of the TVC uses a PMOS source follower as a voltage amplifier buffer.

It is continuously biased at 0.78 µA. The readout of the TVC outputs is the same as the readout of a column of pixels outputs. In this prototype they are selected by several stages of analog MUXes that are controlled by HSR, then output through top BUFAMP. Due to the multi stage of analog switches, the TVC has a big output load that is the same as other column outputs. To improve transconductance when the TVC column is selected for readout, a 41 µA supplementary bias current will be provided. Output Mean !!! ! !" 6.95 mV 1.21 mV ! !"# 6.91 mV 1.957 mV Table 5.3 Measurement of a fault free wire.

Considering an LPDD sensitivity of 0.75 ns/kΩ and a TVC transfer ratio of 4.4 mV/ns (V ICOL =1.41 V), the measurement sensitivity is 3.3 mV/kΩ, and the measurement resolution is much better than 1 kΩ. This is sufficient for the defection of weak spot defects that most often lead to an impedance increase much more important.

Calibration using external inputs or internal delay generation cell

In this prototype, we implemented 12 TVC blocks into the ARD-top and Bitline-Test-top blocks that replaced one of their sub-blocks for readout of 12 pixel columns. These TVC blocks are numbered as !"# 0: 11 that correspond to the pixel columns !"# 1044: 1055 . !"# 2: 3 are used for readout of the horizontal lines test, where the!!"# 2 is connected to outputs of the LPDD with !" 1 as input for testing LUT in odd rows, and the!!"# 3 is connected to the outputs of the LPDD with !" 0 as input for testing LUT in even rows.

A double-LPDD block with external inputs is considered for the calibration of the LPDD and TVC blocks. They are connected to !"# 4: 5 . An on-chip delay generation block is also considered for the calibration of the TVC. They are connected to !"# 8: 11 .

The inputs and outputs of all the TVC blocks are listed in Table 5.4.

TVC In Out !"# 0 Not used !"# 1 Not used !"# 2 !"#$% 2 !"#$% 2 Vx<2092> col<1045> !"# 3 !"#$% 3 !"#$% 3 Vx<2094> col<1046> !"# 4 !"#$% 4 !"#$% 4 Vx<2096> col<1047> !"# 5 !"#$% 5 !"#$% 5 Vx<2098> col<1048> !"# 6 Not used !"# 7 Not used !"# 8 !"#$!%&! 8 ! !"#$!%& 8 Vx<2104> col<1051> !"# 9 !"#$!%&! 9 ! !"#$!%& 9 Vx<2106> col<1053> !"# 10 !"#$!%&! 10 ! !"#$!%& 10 Vx<2108> col<1054> !"# 11 !"#$!%&! 11 ! !"#!"#$ 11 Vx<2110> col<1055>
Table 5.4 TVC blocks I/O list.

For TVC 8: 11 the time interval between their inputs !"#$!%&! ! and !"#$!%& ! is generated by a delay cell that uses inverter chains as delay elements. The input stages of the TVC 8 and TVC 10 are digital inverters. TVC 9 and TVC 11 use the same scheme of using bit lines for readout.

The MC simulations are performed both on the delay generation blocks and the TVCs. Figure 5.13 shows the MC simulation results, and summarized in Table 5.5. 13.68 mV 1.87 mV 13.63% !"# 11 2.41 ns 13.9 ps 0.58% 13.68 mV 1.85 mV 13.50%

Table 5.5 Summary of MC simulation results of the TVCs for calibration.

Test control logic generation

In this prototype, we use a test control block (T_CTRL) to synchronize the test sequences to the pixel readout sequences. The readout of the pixel array is controlled by the Vertical Shift Register (VSR) in a row-by-row sequence. VSR is split in two parts placed at both sides of the matrix. RD and RST commands are generated on the left side of the matrix and TG commands on the right side.

For each pixel column there are two VX lines connected alternately to the pixels in odd and even rows. As shown in Then, this value '1' is propagated in the two DFF chains with RSCK clock. Every five RSCK pulses, the last DFF in two VRS units are latched to high logic value, so the two rows are selected for readout. Therefore, the pixel control signals !" and !"# are generated for these two rows from global control signals (!"#$, !"#$, and !"#$) through logic gates.

To make the test control sequence synchronize to the VSR sequence, the same structure is used for the test control block (T_CTRL_VSR), but with a looped five DFF instead of the DFF chain. As shown in Figure 5.17 Several test control signals have a large load such as reset signals for LTI that are loaded by thousands of transistor gates. Table 5.6 lists the loads of these signals as extracted from the layout using Calibre PEX tool. The digital buffers to drive these signals are carefully designed. An inverter chain with optimized size is first estimated according to the loads. Then, according to the estimation, the most suitable digital buffers in the standard library (CORE lib) are selected.

Signals Name ! !"#$ Buffer cells TVXSETn<0:1> 210 fF I140_SVT_BFX51 RSTLTI<0:1> 800 fF I140_SVT_BFX17 >> I140_SVT_BFX133 The voltage level of some test control signals such as RSTSMT should be shifted from digital power supply to analog power supply. A conventional level-up shifter using crosscoupled PMOS load has been presented in section 5.1.4. The same VLS is also used in the test control block. 

Digital MUX for monitoring
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Test plan for validating the performances of the BIST

In each row of pixels, two lines are connected to LPDD for test, as descripted in section 5.1.3. Several test cases are considered for validation of the BIST:

" !"# 0: 99 and !"# 612: 789 : Fault free lines without BIST structure. This part is used to verify the normal function of the CIS and check its performances without influence of the BIST structure. " !"# 100: 323 : Fault free lines with BIST structure. This part is used to characterize the performances of the LPDD when measuring the fault free lines. This part can also show if the BIST structure has influence on the CIS normal function by comparing with the first part. " !"# 324: 611 : Lines with difference faults injected and BIST structure. This part is used to validate the performance of the BIST for detection of different kind of defects.

The detail of the fault injection in !"# 324: 611 is listed below:

" !"# 324: 371 : Three groups of RD lines with resistance added at their input end. The values of the resistances added in the lines are varied from 2 kΩ to 200 kΩ for each group. " !"# 372: 419 : Three groups of RD lines with resistance added at their output end. The values of the resistances are the same as for !"# 324: 371 . " !"# 422: 439 and !"# 442: 459 : in the even rows, RD line is coupled to TG line with injected capacitance. " !"# 570: 789 : The LPDD for testing of TG lines are disconnected to LUT while the bit<13> of CONFREG is set to '0' that is the default value at start up. " !"# 590: 597 and !"# 600: 607 : The RD line is resistive shorted to M2Boost line while the bit<13> of CONFREG is set to '1'.

Characterization of test chip DSI_PHOENIX

The characterization of DSI_PHOENIX test chip has been carried out for an experimental validation of the test efficiency of the new BIST structure. It is the first time that the BIST technique is implemented in a prototype. We ordered two wafers for this project in a MPW run. The characterization of the test chip was performed for only packaged dies but not at wafer level. The chip uses a standard package of 68 pins Ceramic Pin Grade Array (CPGA68). The bonding diagram is shown in Figure 5.18 (a), and a picture of packaged device is shown in Figure 5.18 (b). In this section, we will present the applied characterizations methods and the results obtained.

Introduction of the automated test bench

The characterization of the test chip was realized by reusing an automated test bench that has been developed in a lab environment in ST-Crolles. This test bench was initially developed for characterization of photo sensors with new process or novel pixel architectures. The test setup used in this automated test bench is resumed in the schematic shown in Figure 5.20. A picture of the test bench is also shown in Figure 5.21. 

Software for test bench controlling and data acquisition

The test bench uses the Picachu software that was developed for multiple tools. The user interface of Picachu for test control uses the Labview enviroment. Figure 5.23 shows the main user interface of the software Picachu. Picachu supplies the link to the DAB test board, image acquisition via Camera-link, several image processing tools, and also an interface for some test instruments that control the light source and shutter. However, the main function used for our test is to link with the DAB board. The DAB link module configures the image caption option and also regulates the power supply and ADCs gain and offset parameters. These parameters can be regularly monitored through the user interface. Figure 5.24 shows the user interface for DAB link. When image data acquisition starts, image data is continually downloaded to the PC. The Frame encapsulation indicates the first four pixels of an image in the data flow. It is realized by setting a special value for the first four pixels, which are 'FF, 0, 0, 2' in our case.

We decided to reuse this test bench including the associated software for characterization of our prototype. This can reduce the validation cycle. However, the present software cannot totally support the test of this prototype. In fact, the pixel array in this prototype is read out by default in dual VX mode, as presented in section 5.1.6. In the image data obtained directly with the acquisition card, the pixel values from the two VX lines are considered as the pixels from different columns. A descrambling operation is required for the software to obtain the image data in the right order. The image data acquisition module in Picachu that needs to use Camera Link for data acquisition supports this operation, but the USBVIEW dose not support this operation. Since USBVIEW has been replaced by another software that is developed for a new version data acquisition card, there is no more technical support on USBVIEW. This makes the image captured by our test chip look stretched, but this does not prevent the acquisition of the test results.

Another modification was requested is the FPGA firmware that is used to load CONFREG settings. The FPGA firmware, which is descripted with VHDL, defines the video timing sequence and other test patterns sent to the test chip. Once it is loaded in FPGA via mini-USB interface, no modifications on these timing sequences and test patterns are accessible during the test. The modification request of the firmware is due to an extension of the configuration resister in our prototype compared to the previous DSI chips. We use a 40-bit SIPO shift register in this prototype instead of a 20-bit one in the previous design. The 20-bit extension provides the configuration for our test work.

Functional check with image capture

After receiving the packaged devices, we first checked the image capture function of the device. Figure 5.26 shows an image captured by a DSI_PHOENIX test chip. The device was configured on dual VX readout mode. Since there is no descrambling operation with USBVIEW, the pixels in even rows are read out as new columns beside the odd rows. So, the image looks like stretched. This also produces false VFPN effects. 

Measurement of the LPDD outputs via monitoring block

Since a modification of the FPGA firmware was required for configuration of the 40-bit shift register CONFREG, we first check if the extended 20-bit for test control con be configured. This was verified by changing the value of each bit and monitoring if the chip makes the expected response.

Once the chip configuration is validated, several test control signals were monitored via monitoring block (MONX and MONY) with an oscilloscope to verify the function of T_CTRL. Figure 5.29 shows the test control signal for reset of LTI (RSTLTI) monitored via T_MON. It is generated before the RD pulse synchronizing to RSCK for VSR. To see the repeatability of the test, we have made this measurement 500 times for an LUT. According to these measurements results, we can draw the linearity curves of the LPDD for detection of the resistive defects. As shown in Figure 5.32, the measured time interval between LPDD outputs LTI and SMT is proportional to the resistive defects injected into the LUT. The blue curve corresponds to the test results of !" 324: 338 , the red curve is for !" 340: 354 , and the green one is for !" 356: 370 . 

Measurement with test results acquisition via automated test bench

In the previous section, we presented the measurement results a test chip that validated the detectability of the LPDD for resistive defects. By monitoring directly the outputs of the LPDD via T_MON, the time interval between LTI and SMT are measured using oscilloscope.

In this section, we will give more measurement results obtained by using the automated test bench for test results readout. Comparing this automated readout, the previous method has an advantage of avoiding the noise from readout circuits (TVC and ADC stages). However the measurement takes too much time that makes it difficult to be performed for a large number of measurements. Therefore, to rapidly get a statistical result, the test using automated readout is performed on 15 chips from both of the two wafers. Figure 5.33 shows the test results of the RD lines for a test chip. In this measurement the readout of pixel array is on dual VX mode. This chart shows the measurement results of RD lines in even rows. The outputs of LPDD for odd rows are read out by TVC<2>, while TVC<3> for even rows. The 14-bit on-board is set to unit gain with an offset of -40 mV. The VICOL is set to 1.41V to get a discharge current about 4.01 µA of the capacitance in the TVC. In this chart, we can see that both injected resistive and capacitive defects have been detected.

• LPDD were not implemented for row<0:99> and row<612:790>, so the outputs are always 0. These results obtained with automated test bench shows also good linearity for detection of the resistive defects that has been validated by the measurement via T_MON in previous section. As shown in Figure 5.35, the linearity curve for the row<324:370> is drawn from the test results of the same chip measured in previous section.

The blue curve corresponds to the test results of !" 324: 338 , the red curve is for !" 340: 354 , and the green one is for !" 356: 370 . The resistance values added on these lines, which presented by X-axis, have been listed in Table 5.7. The lines with big additional resistance produce larger time interval between LTI and SMT signals that generated by LPDD, so the voltage on capacitance in the TVC is discharged to a lower To get the measurement results shown above, the TVC and ADC parameters are set to avoid the outputs saturate while the LUT has large resistive defects, but this make that the precision of the measurement is not sufficient for small defects detection. Another measurement with VICOL equals 2.5 V and ADC gain set to 8 is performed to get better precision for small defects detection. Figure 5.36 shows the test results zooming to the rows with defective LUT.

The three group of LUT with resistive defects injected in the !"# 324: 370 and !"# 372: 418 have the same resistance value, but the defects are injected in the input end of the lines for !"# 324: 370 and in the output end for !"# 372: 418 . Comparing the two groups, we see that the defects are more detectable when they take place closer to the input of the lines. When the defects closer to the output of the line, they have less influence on the rise time of the signal at the output of LUT.

Same for the detection of the capacitive defects injected at the output end of the lines in !"# 420: 458 , they have less influence on signals rise time thus only big defects can be detected.

Comparing to the HFPN detection with image processing

According to the size of the defects injected in the pixel control lines, they may produce image failures in certain capture conditions. Figure 5.37 shows an image containing HFPN failures captured by a device in low-light condition with a short integration time and a high ADC gain for pixel readout. 

HFPN faults

These HFPN faults presented in this image can also be detected by conventional test method that uses image processing, but the small defects remain undetectable by image processing. Figure 5.38 shows the HFPN computation results on a image captured by this device. The analysis is performed for each color plan. In GR and GB color plan, the rows with big resistive open defects injected in RD lines have HFPN value much larger than fault free lines. In R and B color plan, the HFPN values of these rows have not big difference than fault free lines, but the rows with capacitive defects injected between RD and TG lines produce big HFPN values. 

Conclusion

ASIL pixel pour en ligne test des ADC-colonnes

Les ASIL pixels ont été initialement développées pour un produit de l'automobile au sein de la division ST-Imaging. Il peut générer des signaux de test aux entrées des ADCcolonnes pour vérifier le circuit de lecture. La Figure 7.5 montre l'architecture des ASIL pixels où la photodiode est remplacée par une référence de tension.

En ligne détection de défauts de pixel

Certains technique de en ligne détection de pixels défectueux peut également être trouvée dans les littératures [START_REF] Leung | Quantitative analysis of infield defects in image sensor arrays[END_REF] [24] [START_REF] Dudas | A Fault-Tolerant Active Pixel Sensor to Correct In-Field Hot-Pixel Defects[END_REF]. La plupart d'entre eux sont basés sur des techniques de traitement d'image pour la cartographie de pixels défectueux.

Mécanismes de défauts et modèle de fautes des capteurs CMOS

Dans ce chapitre donne, une introduction des mécanismes de défaillance de fabrication est d'abord donné. Ensuite, les défaillances d'image sont décrites. Les défauts sont classés en défauts électriques et optiques, selon la mécanisme de défaillance dans un circuit électrique ou un composant optique.

Mécanismes de défauts

Comme dans tout IC, les mécanismes de défaillance de capteur CMOS pendant la fabrication peuvent être classés en variations de process globales, variations de process locales et défauts spot. Parmi ces mécanismes de défaillance, les défauts spot sont toujours reconnus comme la cause majeures, malgré que la taille et la fréquence des ces défauts sont fortement limitées par l'environnement de fabrication et de contrôle de process.

Défauts des images

Un échec d'image est défini comme l'apparition de défauts d'image qui sont hors de spécifications. Les défauts de pixels sont généralement classés en trois types [START_REF] Jozsef | Robust detection of defects in imaging arrays[END_REF]: pixel mort (Dead), pixel chaud (Hot), et Stuck pixels.

" Pixels morts ou Stuck-Low pixel répond à toutes les intensités lumineuses avec une production de près de zéro, ce qui se traduit souvent par une tache noire. 

Défauts électrique et défauts optique

Défauts optiques sont définis comme des défaillances qui se produisent dans des composants optiques tels que les micro-lentilles et des filtres de couleur etc. Défauts électriques sont des défaillance se trouvent dans des circuits électriques.

(a)

Défauts électriques sont modélisés soit comme des défauts catastrophiques (courts circuit et circuit ouvre) qui modifient la topologie du circuit, ou défauts paramétriques qui ne changent pas la topologie du circuit, mais provoque des dégradation des paramètres de performance du composant. Certains défauts électriques peuvent entrainer un changement de la performance électrique du capteur ou disfonctionnement du capteur, mais d'autre peut juste provoquer de défauts image surtout quand le défaut se trouve dans la matrice de pixel.

Parmi les défaut image produit par des défaut électrique, V/HFPN est un défaut typique de ce type qui entraine des pertes de rendement significatif et dispose d'une couverture de défaut insuffisante en test industriel. VFPN provient de la circuit de lecture de pixels comme ADC-colonnes ou des interconnections verticaux, tandis que le HFPN sont fortement liés à des défauts sur le circuit de control des pixels et les interconnections horizontaux dans la matrice de pixels.

Défauts HFPN d'un capteur image utilisé le pixel de type 1T75

Défaut HFPN présente un problème de taux de couverture de défaut pour plusieurs produits, conduisant même à un risque de perte de clientèle pour les produits utilisant une architecture de pixel 1T75. La source de défaut HFPN a été analysée avec soin sur les produits utilisant 1T75 épinglé photodiodes pixels. L'architecture et le principe de lecture est semblable à 4T pixel illustré de chronogramme de la Figure 1.4. Les échecs de HFPN présents sur ces produits sont classés en trois types: toute la ligne HFPN, HFPN partielle, et HFPN hachées. respectivement; le jaune est le max-HFPN de l'image complète qui est le max-HFPN extrait par l'ancien programme de test. Ces résultats montre que le max-HFPN de ROI centrale est beaucoup plus petite que celles des ROI à bord. Par conséquent, les limites de test pour le ROI centrale peuvent être serrés pour améliorer la couverture de défaut HFPN sans impact sur le rendement.

Modélisation des défauts résistive dans des lignes interconnections

Test embarqué pour des lignes horizontaux dans le matrice de pixels

Le grand défi des défauts dans la matrice de pixels causées par des particules sub-micron a également été signalé par Sony [START_REF] Ebiko | 35mm full-size CMOS sensor Sony's image sensor technology[END_REF]. Les défauts V/HFPN peuvent augmenter avec l'augmentation de la taille du capteur CMOS et diminution de la taille de pixel. Le défaut VFPN peut être détecté par Bit-Line-Test. Cependant, il n'y a aucune solution a été étudié pour la détection de défaut HFPN. Dans cette étude, deux solution de test embarqué pour détecter ces défauts ont été étudiés: la mesure de la résistance des lignes basées sur un DC mesure de la tension, et mesure de délai des signaux dans les lignes.

1. Mesure de la résistance des lignes basées sur un DC mesure L'idée initial de cette solution vise à mesurer la résistance des lignes horizontaux, afin de détecter les circuits ouverts résistives (ROD). La Figure 7.16 montre le principe cette solution de mesure la résistance des lignes horizontaux. La mesure est effectuée par appliquer un courant sur la ligne sous test (LUT) et mesurer la chute de tension au bout de la ligne. Un seul ADC est utilisé pour la mesure, et un décodeur est utilisé pour la sélection de LUT. Deux courants différents I1 et I2 sont appliqué à la ligne.

La différence des deux tensions mesuré

∆! = ! ! -! ! (18) 
produit par les deux courants appliqués ∆! = ! ! -! !

donnes la résistance de la ligne ! !"#$ = ∆!/∆!.

V"supply La Figure 7.17 montre le schéma de cette structure de test mise en oeuvre d'une matrice de pixels. Les commutateurs posés à la fin des lignes et le décodeur pour la sélection de LUT sont placés sur le côté opposé du bloc d'adressage.

2. Technique de test pour la matrice de mémoire Matrices de pixels dans CIS contiennent des cellules identiques avec des lignes d'adresse et des lignes de lecture. C'est très similaire comme dans le cas de matrices de mémoire. L'étude de la technique de test pour mémoire peut donner des inspirations pour le test de la matrice de pixels. De nombreuses études sur la détection des défauts dans le décodeur d'adresse de mémoire ont été présentées comme dans [START_REF] Dilillo | Comparison of open and resistive-open defect test conditions in SRAM address decoders[END_REF]. Une nouvelle méthode de test pour augmenter la couverture des défauts résistifs a été proposée dans [START_REF] Azimane | New test methodology for resistive open defect detection in memory address decoders[END_REF]. Le délai causé par défauts peut être détectés en faisant varier le rapport cyclique de l'horloge interne du décodeur d'adresse.

Les techniques pour la détection d'erreur de retard dans des lignes d'interconnexion

Le retard de propagation des signaux dans les interconnexions dépend fortement de la constante de temps de la ligne d'interconnexion qui est dépend de l'impédance de la linge. La mesure de retard des signaux dans LUT est donc peux utilisé pour la détection des défauts dans LUT. Uune méthode de surveillance d'impédance RF pour la détection de la dégradation des interconnexions a été considéré dans [START_REF] Kwon | Early Detection of Interconnect Degradation by Continuous Monitoring of RF Impedance[END_REF]. Un circuit de test pour la mesure de retard des signaux a été proposé dans [START_REF] Wu | Crosstalk Fault Detection for Interconnection Lines Based on Path Delay Inertia Principle[END_REF]. En appliquant simplement une impulsion avec largeur critique (CWP) sur le LUT, et ce technique détecte si l'impulsion a propagée avec succès à la sortie.

4. Détection d'erreur de retard sur des lignes horizontales dans la matrice de pixels La première version des nouvelles solutions de test des interconnexions horizontaux dans la matrice de pixels est basée sur la mesure du retard des signaux en comparant avec un signal de référence. Le principe de cette technique de mesure est représenté à la Figure 7.18. Avec milliers de transistors de pixels connectés à la LUT, il introduisant une charge capacitive importante. Le retard de propagation des signaux dans la ligne de référence est beaucoup plus faible que dans la LUT. Les deux signaux à la sortie de la ligne de référence et de LUT sont comparés à l'entrée d'un détecteur de retard (LDD). Un générateur d'impulsions (PG) génère une impulsion avec la largeur proportionnelle au retard entre les deux signaux d'entrée. Ensuite, un détecteur d'impulsion (PD) détecte la présence d'impulsion. En augmentant le retard des signaux dans la ligne de référence, le délai entre les signaux de LUT et de référence peut être réduite étape par étape. La largeur de l'impulsion générée diminue à mesure que le délai entre les deux lignes. Lorsque le délai est assez petit, pas d'impulsion est généré. Donc, le retard des signaux dans LUT peut être estimé.

La mise en oeuvre de ce schéma de test pour une matrice de pixels est illustrée sur la Figure 7.19. Les détecteurs de retard (LDD) sont placés à la sorti des linges d'interconnexion des pixels. Les entrées de chaque LDD comprennent un ensemble de lignes d'interconnections sous test et une ligne de référence. Les résultats des simulations montrent que la solution fonctionne bien pour une LUT, mais pour un défit est présenté sur la mesure des milliers lignes de la matrice de pixel, car la charge sur la ligne de référence devient aussi important qui produit de la différence pour la mesure d'une ligne en haut et en bas de la matrice. Dans ce modèle, un défaut dans une ligne entraîne une modification de son comportement de RC. Pour un front montant envoyé de l'entré la ligne, à la sortie de cette ligne il aura une pente qui dépend de la constante de temps (RC) de la ligne. Le temps de montée des signaux dans les lignes défectueuses est plus grand que dans les lignes standard. Donc, la mesure du temps de montée des signaux peut être utilisé pour détecter les lignes défectueuses.

Pour appliquer ce principe sur les lignes horizontales dans la matrice de pixels, nous utilisons simplement les signaux fonctionnels générés par le décodeur de matrice de Pour la conception de la LPDD, des comparateurs différentiels analogiques et des comparateurs à la base de inverseur tous peuvent être envisagées. Un détecteur de tension pour la mesure de temps de montée de signaux numériques à gamme GHz est proposé dans [START_REF] Safi-Harb | A CMOS circuit for embedded GHz measurement of digital signal rise time degradation[END_REF]. Les comparateurs analogiques prennent grande surface de silicium et ont de la consommation élevée. Pourtant, les comparateurs à la base de inverseurs ont plus commode pour notre application de BIST, nécessitant petite surface de silicium et de la consommation d'énergie. Deux types de circuits inverseurs sont utilisés pour réaliser les comparateurs déclenches à différents niveaux de tension. Le schéma proposé de la LPDD est représenté en Figure 7.21. • Une matrice de pixels: 1056 x 790 pixels 4T DualVX • Lecture analogique (ARD): effectue CDS de colonne et multiplexage aux sorties.

• Registre à décalage horizontal (HSR): fournit des commandes de commutation à l'ARD pour le multiplexage.

MONX MONY!

• Registre à décalage vertical (VSR): génère les commandes à la matrice de pixels, READ, RESET, TG. • Bit ligne de test (BLT): permettant des tester les lignes verticaux.

• Amplificateurs de sortie (BUFAMP).

• Registre de configuration (CONFREG): pour la configuration de la fonction principale (20 bits) et la structure de test (20 bits). • La structure BIST (T_LDD): détection de retard des signaux dans LUT.

• Convertisseur de temps à tension (TVC): convertit l'intervalle de temps entre les signaux LTI et SMT à un signal de tension. • Bloc de contrôle de BIST (T_CTRL): synchroniser la structure BIST à la séquence de lecture de la matrice de pixels. " Des lignes sans défauts sans structure BIST sont utilisées pour vérifier le fonctionnement normal du capteur sans influence de la structure BIST. " Des lignes sans défauts mais avec structure BIST sont utilisée pour caractériser les performances de la LPDD lorsque l'on mesure les lignes sans défaut. " Des lignes avec différent type de défauts injectés sont utilisées pour valider l'efficacité du BIST pour la détection de différents types de défauts.

Le détail des défauts injecté est listé ci-dessous:

" Trois groupes de 16 lignes avec de la résistance ajoutées à leur entrée. Les valeurs des résistances sont variées de 2 kQ à 200 kQ pour chaque groupe. " Trois groupes de 16 lignes avec de la résistance ajoutées à leur sortie. Les valeurs des résistances sont aussi variées de 2 kQ à 200 kQ pour chaque groupe. " Un groupe de lignes avec de la capacitance ajouté entre les lignes parallèles. " Un groupe de lignes peuvent être déconnecté de l'entrée du BIST. " Un groupe de lignes peuvent être résistif court-circuité entre les lignes parallèles.

Caractérisation de puce de test DSI_PHOENIX

Nous avons commandé deux plaquettes pour ce projet dans un MPW. La caractérisation a été effectué sur les puce mis en boitier de type standard de CPGA68. Une image de dispositif mis en boitier est montré dans la Figure 7.28 (a). La performance de BIST a été d'abord validée par des mesures directement des sorties de LPDD via les blocs MONX et MONY. Une mesure statistique a été appliquée pour tester les 30 lignes qui contiennent les trois groupes de lignes avec des résistances ajoutés. La Figure 7.31 montre les courbes de linéarité de LPDD pour la détection des défauts résistifs. 
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 11 Figure 1.1. Basic architecture of CMOS image sensor.

Figure 1 .

 1 Figure 1.2. (a) 3T integration pixel, (b) 3T pixel in logarithmic mode. A 3T logarithmic pixel is shown in Figure 1.2(b). With transistor M0 in diode-connected mode, its drain-source current ! ! is defined by the size of the transistor M0. The photogenerated current is continuously converted to a voltage ! !! , with a logarithmic relation to the received photons, described by:
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 13 Figure 1.3. 4T integration pixel with pinned photodiode.
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 14 Figure 1.4. Read out timing of 4T pinned photodiode pixel.
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 1515 Figure 1.5. Varied pixel architectures based on 4T pixel: (a) 5T, (b) 1T75.
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 21 Figure 2.1. Varied tests in CIS products life cycle.
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 23 Figure 2.3. CIS production testing flow with parallelized optical and electrical tests.
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 24 Figure 2.4. Software Binning and wafer map for CIS dies sorting.
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 2 Figure 2.4 shows an example of SBIN and the wafer map of the test results of a wafer. Each test is categorized in different bin numbers and presented by different colors. For example the number 1 with light Green presents the dies passing all tests. The wafer map illustrates the performances variation across the wafer. For example, the bin number 74 with blue distributed on the half border of the wafer make a special signature. These reports allow Product Engineers to easily identify the source of yield loss and then to propose changes of test or manufacturing process parameters to guarantee yield and fault coverage rates.
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 26 (a). For FMT, the Handler is used to automatically place the DUT on an Interface Test Adapter (ITA), where a socket is used to bridge the connection between ITA and the DUT, as shown in Figure2.6-(b).
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 26 Figure 2.6. (a) Prober and Probe Card; (b) Handler and ITA with sockets.
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 27 Figure 2.7. Column parallel Single Ramp ADC.
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 2 Figure 2.8 shows an example of 3 bits DAC with DNL error. Bit-1 has the DNL of 1.5 LSB low, and Bit-2 has the DNL of 1.5 LSB high. When DAC inputs change from '001'to '010', where bit-2 changes from '0' to '1', DAC output has 1.5 LSB higher than its idea value. When DACs inputs change from '011' to '100', where bit-1 changes from '0' to '1' and bit-2 from '1' to '0', the DAC output has 3 LSB lower than its idea value.
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 28 Figure 2.8. DAC DNL and INL definitions.
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 29 Figure 2.9. Input switches for column ADCs testing.
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 2 10(b) shows externally generated VXREF, where TestIn<0> is a constant DC voltage and TestIn<1> changes at each readout period.
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 2 Figure 2.10. ADC test diagram: (a) with DAC; (b) external input.
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 211 As these clumps are usually integrated at opposite sides of the ADC, open/short defects in VX can be detected by the BLT. The clump voltage references are provided by on chip regulators.
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 2 Figure 2.11 Using white and black clumps for Bit Line Test.
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 212 Figure 2.12. Stimulus on the anode of the photodiode in (a) Integrating Pixel and (b) test sequence.
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 31 Figure 3.1 Bayer color filter mosaic composed of RGGB filter pattern.
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 32 Figure 3.2. Image Inner and Outer region. " Region of Interest (ROI) is a rectangular area in an image for further processing, as illustrated in Figure 3.3.
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 33 Figure 3.3. Region of Interest (ROI). " A Kernel is defined as a small array of pixels that is used for computation of local image defects such as single pixel defects, clusters, blobs, etc. A 9×9 kernel is shown in Figure 3.4.
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 34 Figure 3.4. A 9x9 kernel of pixels.
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 35 Figure 3.5. Effect of pixel defects in an image.
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 36 Figure 3.6. Images with (a) VFPN and (b) HFPN faults.
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 37 Figure 3.7. A contamination on the surface of a CIS that forms a shape defect on image.
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 38 (a) shows the cross-section of the pixels with defects on DTI. Figure 3.8-(b) shows a SEM image of deformed micro-lenses that causes optical faults.
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 38 Figure 3.8. (a) Defects in Deep Trench Isolation between pixels (b) Deformed micro-lenses that causes optical fault.
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 3 Figure3.9 (a) shows an example of single defective pixels caused by an electrical fault in pixels. Through the Focused Ion Beam (FIB) cross-section of a defective pixel, the residues of poly-silicon between the gates of RST and SF transistors are observed, as shown in Figure3.9 (b). This makes the four pixels that use this SF transistor become unreadable and thus dead pixels. This bridge defect does not change the performance of the whole CIS, but just generates a dark spot in the image.

Figure 3 .

 3 Figure 3.9. (a) Dark spots in an image caused by electrical faults in the pixels, (b) residues of poly-silicon.
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 3 Figure 3.10 (a) shows an example of a partially enlarged image with whole line HFPN failure. All the pixels at the failure row are readout with error.
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 3 Figure 3.10. HFPN due to metal bridging of the RST signal line: (a) image with whole line HFPN failure, (b) an abnormal metal residue is observed at the addressing lines for this row of pixels, and (c) FIB cross-section at the metal residue location.
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 3 Figure 3.11 (a) gives an example of partial HFPN failure caused by an open circuit in the RD line.Figure 3.11 (b) shows the FIB cross-section of the RD line at the location of the first dead pixel. All pixels addressed by this RD horizontal line after the open circuit spot are never read and remain black, as shown in Figure 3.11 (a).
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 3 Figure 3.11 (a) gives an example of partial HFPN failure caused by an open circuit in the RD line.Figure 3.11 (b) shows the FIB cross-section of the RD line at the location of the first dead pixel. All pixels addressed by this RD horizontal line after the open circuit spot are never read and remain black, as shown in Figure 3.11 (a).
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 3 Figure 3.11. (a) Image failure of partial HFPN, (b) open circuit on RD line at the origin of the failure.
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 43 Figure 3.12-(a) shows a zoomed-in image with HFPN-CHOP failure. The FIB analysis is processed on the location of the couplet of four hot pixels. Residues between two metal-1 lines were found through the FIB cross-section, as shown in Figure 3.12-(b).
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 3 Figure 3.12. (a) Image failure of HFPN-CHOP, and (b) short circuit between TG and FD at the origin of the failure.
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 3 Figure 3.14 Metal-1 bridging sensitivity analysis for (a) 1T75 pixel and (b) 4T backside illumination pixel.

Figure 3 .

 3 Figure 3.15 Non-catastrophic defects in horizontal lines are modeled as additional impedance. As shown in Figure 3.15, non-catastrophic defects in interconnection lines can be modeled as an additional resistor in the line and/or capacitor between parallel lines. These defects increase the lines impedance so the signals propagation delays increase as well. For a square wave sent from one end of the line, at the other end the slope of the signals edges depends on the time constant of the line. An electrical simulation result shown in Figure 3.16 illustrates that the signals rising time increase with different resistors added in the lines from zero to several k ohms.
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 3 Figure 3.16 Simulation results with resistive defects added in the lines.
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 4 Figure 4.1 shows a wafer map of HFPN test results for Gr color frame. The color legend on the right of the wafer map indicates the HFPN values from 2 to 8 codes with different colors.The dies with max-HFPN higher than 8 codes are represented by dark-red color. The max-HFPN limit for this product is set to 10 codes. This makes the dies with max-HFPN beyond 10 codes to be sorted as HFPN failure.

Figure 4 . 1

 41 Figure 4.1 HFPN test wafer map contains die escaped from EWS.
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 4 Figure 4.2 shows the max-HFPN cumulative distribution per color frame for this wafer. The horizontal axis is the HFPN value, and the vertical axis is the probability. The dies that have max-HFPN beyond 10 codes are not shown in these curves.
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 42 Figure 4.2 Wafer level max-HFPN cumulative distribution per color frame: (a) Red, (b) Green-Red, (c) Green-Blue, (d) Blue.

  max-HFPN beyond 8 codes as shown in Figure 4.1.
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 43 Figure 4.3 Statistical analysis of the HFPN test at the lot level for each color frame: (a) Red, (b) Green-Red, (c) Green-Blue, (d) Blue.

  (a) Red (b) Green-Red (c) Green-Blue (d) Blue HFPN value (codes) HFPN value (codes) HFPN value (codes) HFPN value (codes)
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 4 Figure 4.4 illustrates the HFPN distribution obtained by applying this algorithm to the Grframe of a light image captured for the failed sample. The Gr-frame has 760 rows that are numbered starting from bottom to top in the horizontal axis of the graph. The vertical principal axis corresponds to the HFPN value of a row, and the vertical secondary axis is the average value of the pixels in a row. The blue curve is the HFPN distribution. The red curve corresponds to the average value of the pixels in each row.
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 44 Figure 4.4 Pixel average value of each row and their HFPN for the Green-red frame.The row averages have around 100 codes of difference from the center to the border. This is because in production test the light diffusion is not uniformly flat. It is brighter at the center of the imager than at the borders. Shown by the blue curve, the mean of the HFPN
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 45 Figure 4.5 Offset of the reference for HFPN calculation of the first (a) and last (b) rows.Due to this offset effects, for a HFPN fault free die, the border rows HFPN value is often much lager than other rows. Thus, for most HFPN fault free dies, the max-HFPN value stored in test result represent the border rows HFPN value. As shown in Figure4.3 (b), for Gr-frame the median value of max-HFPN of each wafer is always around 5 codes. This corresponds to the border rows HFPN value that we observed in Figure4.4.

  (a) First 30 rows on the bottom (b) Last 30 rows on the top Row number Row number Pixel averages (cods) Pixel averages (cods)

  Figure 4.6.

Figure 4 . 6

 46 Figure 4.6 Wafer level HFPN distribution with improved test program.The green box is for the central ROI; the purple and blue ones are for top and bottom ROIs, respectively; the yellow one is the max-HFPN of the full image that is the same as the max-HFPN extracted by the former test program. This figure illustrates that the max-HFPN of central ROI is much smaller than border ROIs. Therefore, the test limits for the central ROI can be tightened to improve HFPN fault coverage without impacting yield.

Figure 4 . 7

 47 Figure 4.7 Partial HFPN fault detection using column ROIs (vertical axis correspond to the HFPN value and the horizontal one to the column number).

Figure 4 . 8

 48 Figure 4.8 Principle of on-chip voltage-based resistance measurement.

Figure 4 .

 4 Figure 4.8 shows the principle of the circuits for horizontal wires resistance measurement. The measurement is conducted by sourcing a current to the selected Line under Test (LUT) and measuring the voltage drop with an ADC. To reduce test circuits area and

Figure 4 . 9

 49 Figure 4.9 Architecture of the on-chip voltage-based resistance measurement technique. Simulation results of this technique are shown in Figure 4.10. The nominal resistance value of a line is around 5 kΩ. The proposed technique shows an accurate measurement up to 230 kΩ. A parametric defect can thus be detected.

Figure 4 .

 4 Figure 4.10 Simulation result of the voltage-based resistance measurement.

Figure 4 .

 4 Figure 4.11 Principle of on-chip delay-based impedance measurement.

Figure 4 .Figure 4 .

 44 Figure 4.12 Architecture of the on-chip delay-based impedance measurement technique.

4. 5 . 1 Figure 4 .

 514 Figure 4.14 Fault modeling of weak open an short defetcs in horizontal lines.

Figure 4 .

 4 Figure 4.15 Fast voltage crossing level detector.

Figure 4 .

 4 16 (a). The common schematic of CMOS Schmitt trigger is illustrated in Figure4.16 (b).

Figure 4 .

 4 Figure 4.16 (a) The effect of using Schmitt trigger (A) instead of a comparator (B), (b) schematic of conventional CMOS Schmitt trigger.

Figure 4 .Figure 4 .

 44 Figure 4.17 Hysteresis curve varied with the transistors W/L ratio. Since we are only interested in the signals rising edge in this work, the half part of PMOS feedback can be removed for saving area. That is why we use a half SMT instead of an entire one.

Figure 4 .

 4 Figure 4.19 Schematics of the LPDD with the input stage made of NMOS transistors only.

Figure 4 .

 4 Figure 4.20 Timing diagram of the LPDD with reset.

Figure 4 ."Figure 4 .

 44 Figure 4.21 Using DFF for lines sorting and test results read out.

Figure 4 .

 4 Figure 4.23 illustrates the operation of the LPDD. When a rising edge arrives at the LPDD input, the two outputs of the LPDD successively change from '0' to '1'. The reference time added via the VCDL at the LTI output produdes a trigger signal (TRG), and the rising edge of this signal is used as the clock of the DFF. The signal at the output of the SMT circuit is used as the D-input of the DFF.

Figure 4 .

 4 Figure 4.23 Operation of the LPDD.

Figure 4 .

 4 Figure 4.24 Building blocks of delay detector.

Figure 4 .

 4 [START_REF] Dudas | A Fault-Tolerant Active Pixel Sensor to Correct In-Field Hot-Pixel Defects[END_REF] illustrates the operation of the PG.

Figure 4 .

 4 Figure 4.25 Timing diagram for PG: (a) LUT fault free; (b) defective LUT.

A

  PG block has been designed to test a single LUT. This allows studying the basic architecture and the precision of the LPDD. The schematics are shown in Figure 4.26.

Figure 4 .

 4 Figure 4.26 Schematics of LPDD with VCDL following the LTI.

Figure 4 .

 4 Figure 4.27 Process compensated inverter-comparator schematic. Another version of LPDD for multi-lines test is designed to further reduce wafer area needs. The schematics are shown in Figure 4.28. The input Low Threshold Inverter is replaced by a NOR gate. As for a single line, a PMOS for compensation is always added at the supply rail. The half Schmitt trigger was also designed as a NOR with a NMOS positive feedback.

Figure 4 .

 4 Figure 4.28 Schematic of LPDD for multi-lines test with a VCDL following the LTI.

Figure 4 .

 4 Figure 4.29 Schematics for LPDD simulation.In Figure4.30, the linearity of the measurement is illustrated with simulation results. By increasing the resistance of the LUT, the SMT trig time (SMT_T in purple color) increased faster than LTI trig time (TRG_T in green color). The delay between TRG_T and SMT_T is proportional to the resistance of the LUT shown in red curve in the chart below. The sensitivity of the LPDD is approximately 0.75!"/!Ω. This is sufficiently accurate for the detection of an impedance increase caused by weak defects.

Figure 4 .

 4 Figure 4.30 Increasing of the Time interval between LTI and SMT trig time is proportional to the resistance value of the LUT.

Figure 4 .

 4 [START_REF] Chakrabarti | Fault diagnosis for mixed-signal electronic systems[END_REF] shows the MC simulation result of the time interval between LTI and SMT outputs.

Figure 4 .

 4 Figure 4.31 Distribution of the time interval between LTI and SMT outputs.

Figure 4

 4 

Figure 4 .

 4 Figure 4.32 Distribution of the delay added by VCDL.

Figure 4 .

 4 [START_REF] Yonemoto | A CMOS image sensor with a simple fixed-patternnoise-reduction technology and a hole accumulation diode[END_REF] shows the layout of four lines delay detector.

Figure 4 .

 4 Figure 4.33 Layout of four lines delay detectorThese PG and PD blocks are designed to be put on the right side of the pixel array for testing the horizontal lines connected to the pixel array decoder on the left side. The input of the LPDD is on its left side to connect to the right end of a horizontal line. The power supply and ground of the LPDD are supplied both from top and bottom of the block. The bias signals for VCDL are also supplied from top and bottom of the blocks. For design of the VCDL, two current starving transistors in the VCD inverters control the delay. To get a delay higher than 3ns, the starved current should be limited to less than 1.1uA.

Figure 4 .

 4 Figure 4.34 The time interval between LTI and SMT outputs increase linearly with the increase of the resistance (a) and capacitance (b) of the LUT.

Figure 4 .

 4 Figure 4.35 Mont Carlo PLS: (a) the delay added by VCDL, and (b) time interval between LTI and SMT.

Figure 4 .

 4 36. The bias (a) (b) signal for VCDL (DELAYBIAS) is supplied by a DAC, and it can be increased step by step.

Figure 4 .

 4 Figure 4.36 The BIST run in calibration mode.

Figure 4 .

 4 Figure 4.37 The BIST run in production test mode.

  Figure 1.1 illustrates the logic diagram of the CONFREG. It contains also the output digital buffers. The suggested clock frequency is 12 MHz. The CLEAR signal is shared with the whole chip reset.

Figure 5 . 2

 52 Figure 5.2 CONFREG logic diagram. The timing chart of CONFREG is shown in Figure 5.3. The configuration data is input serially by using DCLK and DIN during 40 clock cycles. At the 40 th clock, DOUT provides the value of bit REG<0>. Once all data has been scanned in, the data is transferred from the shift register to the storage register by the DLATCH pulse.

CK

  

Figure 5 . 3

 53 Figure 5.3 Configuration timing chart.

Figure 5 . 4

 54 Figure 5.4 Schematic of double LDD for each row of pixels.

Figure 5 . 5

 55 Figure 5.5 Timing diagram of LPDD for testing !" 1 .

Figure 5 . 6

 56 Figure 5.6 Column read out by using bit lines.An advantage to use this scheme is to save silicon area, but parallel testing of multiple lines is not possible, since only one LUT can be tested at a time. Another important advantage to use this scheme is that the time interval between LTI and SMT can be measured with high precision by using the high resolution ADC on the test board.

Figure 5 . 7

 57 Figure 5.7 Schematic of the TVC inputs pulse generator (T_PG_VX block).

Figure 5 . 8

 58 Figure 5.8 VLS at the input of TVC.

Figure 5 . 9

 59 Figure 5.9 Schematic of the TVC.

Figure 5 .

 5 Figure 5.10 shows the timing diagram of the TVC operation. The measurement is composed of three steps: the TVC is first reset by a !"#$%! pulse through transistors M3 and M4; next, before the signal !"#$%&' is arrived, M6 is turned on by a pulse of signal !"#$%&, so that capacitor C 1 maintains the voltage of reference! !"! ; finally, capacitor C 2 is discharged when transistor M2 is switched on by !"#$%&'. The voltage difference between ! !"! and ! !"! is read out for LUTs sorting.

Figure 5 .

 5 Figure 5.10 Timing diagram of the TVC operation.

Figure 5 .

 5 Figure 5.11 TVC transfer curve.

Figure 5 .

 5 Figure 5.11 shows the simulated dc transfer curves of the TVC. The three transfer curves are obtained by applying the three VICOL values listed in Table 5.1.

Figure 5 .Figure 5 .

 55 Figure 5.12 shows the MC simulation for the measurement of a fault free line with R=2 kΩ and C=800 fF considering an input square wave amplitude of 2.75 V, where ! !" is the output of the TVC (a), and ! !"# is the output provided by an analog buffer connected at the TVC output (b). The results are summarized in Table5.3.

Figure 5 .

 5 Figure 5.13 TVC out with inputs generated from TVC_DigInInput delay Output voltage MEAN ! Variation MEAN ! Variation !"# 8 1.21 ns 10.7 ps 0.89% 8.4 mV 1.85 mV 21.98% !"# 9 1.21 ns 10.2 ps 0.85% 8.47 mV 1.83 mV 21.59% !"# 10 2.41 ns 14.2 ps 0.59% 13.68 mV 1.87 mV 13.63% !"# 11 2.41 ns 13.9 ps 0.58% 13.68 mV 1.85 mV 13.50%

Figure 5 .

 5 14, each VX line can be read out by top ARD or bottom ARD. The pixel array can be thus read out both in single VX or dual VX mode. The VSR supports both single VX and dual VX readout mode. By default the dual VX mode is applied.

Figure 5 .

 5 Figure 5.14 Pixel readout with VX.

Figure 5 .

 5 Figure 5.15 shows the block diagram of the VSR unit cells for RD and RST commands generation in dual VX readout mode.

Figure 5 .

 5 Figure 5.15 Schematic of VSR used as pixel array Y-decoder.

Figure 5 .

 5 Figure 5.16 VSR timing diagram for pixel array readout.As shown in Figure5.16, the readout timing sequence start by a RSIN pulse. The RSCK pulse latches the RSIN value '1' into the first DFF of VSR units for row 0 and row 1 . Then, this value '1' is propagated in the two DFF chains with RSCK clock. Every five RSCK pulses, the last DFF in two VRS units are latched to high logic value, so the two rows are selected for readout. Therefore, the pixel control signals !" and !"# are generated for these two rows from global control signals (!"#$, !"#$, and !"#$) through logic gates.

Figure 5 .

 5 Figure 5.17 Schematic of the test control block synchronized to pixel array readout.

Figure 5 .

 5 Figure 5.18 (a) Bonding diagram of the test chip DSI_PHOENIX; (b) image of a packaged device.

Figure 5 .

 5 Figure 5.19 Image of the fabricated wafers with our test chip removed.

Figure 5 .

 5 Figure 5.20 Schematic of automated test bench for DSI characterization.

Figure 5 .Figure 5 .

 55 Figure 5.21 Image of the test bench that shows a DAB test board and a ST in-house developed image acquisition card. The test chip interface uses a test board called DAB. The board is supplied with DC voltage power of ±8V. The regulators controlled via Mini USB interface supply different powers for the chip and other components on the board. An Altera FPGA is also used for fast timing sequence and test pattern generation. The firmware developed on VHDL can be loaded by a PC connected via the mini USB interface. ADCs with high resolution are used to convert the pixels voltage output to digital data. The gain and offset parameters of the ADCs can be regulated via Mini USB. These parameters and the power supply generated by the regulators can also be monitored on the PC. The image data are transferred to the PC via an image acquisition card such as Camera-Link. Our BIST results are also image data read out via image acquisition. Figure 5.22 shows an image of the DAB test board.

Figure 5 .

 5 Figure 5.23 Main user interface of the Picachu software.

Figure 5 .Figure 5 .

 55 Figure 5.24 User interface of DAB-Link: (a) for image capture configuration, (b) for power supply references and ADC parameters regulating and monitoring.Picachu provides the image acquisition module for the PCI Camera Link. However, due to test equipment constraints in our project, we used a ST in-house developed image acquisition card that is shown in Figure5.21. So another ST in-house developed software USBVIEW is used for image data acquisition. Figure5.25 shows the user interface of the USBVIEW.

Figure 5 .

 5 Figure 5.26 An image captured by a test chip DSI_PHOENIX. Even without the descrambling, the basic image capture functions of the chip are still validated. The dark lines on the bottom correspond to the rows of the dark pixels. The last 12 columns correspond to the outputs of the test structure. As shown in Figure 5.27, the outputs of !" 2092 and !" 2094 are for the test of horizontal lines in pixel array.

Figure 5 .

 5 Figure 5.27 An image captured by test chip zooming on the last 12 columns.The three groups of test cases, which have been described in section 5.2, are well detected: a part without test structure, a part with test structure but no defects injected in the LUT, a

Figure 5 .

 5 Figure 5.28 An image zooming to the test outputs of resistive LUT. In this image the three groups of faulty lines are detected. In each group of faulty lines, the resistive open defects are increased step by step from 2kΩ to 200kΩ. The two dark columns of !" 2096 and !" 2098 correspond to the LPDD test with external input.

Figure 5 .

 5 Figure 5.29 Test control signal !"#$#% monitored via T_MON. The function check of the LPDD blocks was also validated by monitoring via MONX and MONY, as shown in Figure 5.30. The time interval between VXLTI and VXSMT increases according to the defective resistance added on the LUT.

Figure 5 .

 5 Figure 5.30 LPDD function check by monitoring.

Figure 5 .Figure 5 .

 55 Figure 5.31 Statistic measurement of the time interval between LTI and SMT generated by an LPDD for testing a fault free line.The statistic measurement has been applied for testing 30 lines in the pixel array. Among these 30 lines, there are three groups of LUT with resistive open defects injected. The distribution chart for each measurement is shown in Appendix 3. The fault injection detail of the lines and the test results are summarized in Table5.7.

Figure 5 .

 5 Figure 5.32 The linearity curve of the LPDD for detection of resistive defects.

Figure 5 .

 5 Figure 5.33 Measurement with test results read out via automat test bench.

•

  Among the other lines connected to LPDD blocks, the lines in Row<100:323> are fault free.• Three groups LUT, witch between row<324> and row<370>, with resistive open (RO) defects injected at lines input end are detected. • Three groups LUT, witch between row<372> and row<418>, with resistive open defects injected at lines output end are detected. • Two groups LUT, witch between row<420> and row<518>, with capacitive short (CS) defects injected at lines output end are detected.

Figure 5 .

 5 Figure 5.34 shows the distribution of the TVC-ADC outputs for the even fault free lines RD<100:318>, that read out by TVC<3>. The mean value is about 7895 with standard deviation of 10 codes.

Figure 5 .

 5 Figure 5.34 TVC-ADC outputs for the test of fault free lines.

  to a smaller code value on the ADC output. The ADC output is proportional to resistive defects injected into the lines.

Figure 5 .

 5 Figure 5.35 The linearity curve for detection of resistive open defects.

Figure 5 .

 5 Figure 5.36 Measurement with a high ADC gain.

Figure 5 .

 5 Figure 5.37 Image failures produced by the injected defects on the RD lines. The three horizontal dark lines were produced by the row containing big resistive open defects that haven resistance larger than 160 kΩ injected in the inputs of the RD lines.

Figure 5 .

 5 Figure 5.38 HFPN detection per color plan using image processing.
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 75 Figure 7.5 L'architecture de l'ASIL pixels.

Figure 7 . 6 .

 76 Figure 7.6. Images avec (a) défaut VFPN et (b) défaut HFPN.

Figure 7 .

 7 Figure 7.7 (a) montre un exemple d'une image partiellement agrandie avec la ligne toute l'échec HFPN. Tous les pixels à la ligne de l'échec sont la lecture avec l'erreur.Figure 7.7 (c) montre la section transversale de FIB à l'emplacement du résidu de métal.

Figure 7 . 7 (

 77 Figure 7.7 (a) montre un exemple d'une image partiellement agrandie avec la ligne toute l'échec HFPN. Tous les pixels à la ligne de l'échec sont la lecture avec l'erreur.Figure 7.7 (c) montre la section transversale de FIB à l'emplacement du résidu de métal.

Figure 7 . 7 .

 77 Figure 7.7. HFPN causé par pontage métallique de la ligne de signal RST: (a) l'image avec la toute ligne HFPN, (b) un résidu métallique anormale est observée sur les lignes d'adressage pour cette rangée de pixels, et (c) FIB section à la lieu de résidus de métal.

Figure 7 .Figure 7 . 8 .

 778 Figure 7.8 (a) donne un exemple de défaut HFPN partielle provoquée par un circuit ouvert dans la ligne de RD.

Figure 7 .

 7 Figure 7.8 (b) montre la FIB section de la ligne de RD à l'emplacement du premier pixel mort. Tous les pixels visés par le présent RD ligne horizontale après le point de circuit ouvert ne sont jamais lus et restent noir, comme le montre la Figure 7.8 (a).

Figure 7 .

 7 Figure 7.9 (a) montre une image zoomée à l'échec HFPN-CHOP. L'analyse FIB est traitée sur l'emplacement du couplet de quatre pixels chauds. Les résidus métal entre deux lignes-1 ont été trouvés par la section transversale de la FIB, comme représenté sur la Figure 7.9 (b).

Figure 7 . 9 .

 79 Figure 7.9. (a) Défaut image de HFPN-CHOP, et (b) court-circuit entre TG et FD à l'origine de défaut.

Figure 7 .

 7 Figure 7.16 Principe de la solution de mesure de résistance des lignes.

Figure 7 .

 7 Figure 7.17 Architecture of the on-chip voltage-based resistance measurement technique.

Figure 7 .

 7 Figure 7.18 Principe de technique pour la mesure de retard des signaux.

Figure 7 .

 7 Figure 7.19 Le schéma de la technique de mesure de retard pour une matrice de pixels.

Figure 7 .

 7 Figure 7.20 Modélisation des défauts résistive dans des lignes horizontales.

Figure 7 .

 7 Figure 7.21 LPDD conçu avec comparateurs à la base des inverseurs. Tout d'abord, un inverseur au bas seuil (LTI) est utilisé pour le déclenchement à une tension de niveau basse. Il est conçu en faisant le rapport W/L beaucoup plus importante

Figure 7 .

 7 Figure 7.22 Schéma de la LPDD avec l'étage d'entrée que en transistors NMOS. Un chronogramme de l'opération LPDD est montré sur la Figure 7.23. Le LPDD est d'abord remise à zéro par une impulsion de réinitialisation, donc le SMT et LTI sont mis à '0' à la fois. Lorsqu'un front montant d'un signal venant de LUT arrive à l'entrée de LPDD, le circuit LTI est d'abord déclenché à un niveau de basse tension et ensuite le SMT est déclenché à un niveau élevé. L'intervalle de temps entre les sorties des deux circuits est proportionnel au temps de montée du signal d'entrée.

Figure 7 .

 7 Figure 7.23 Chronogramme de l'LPDD avec la remise à zéro.

Figure 7 .

 7 Figure 7.24 Utilisation de DFF pour le tri des lignes et la lecture des résultats.

Figure 7 .

 7 Figure 7.26 Schéma de DSI_PHOENIX. Le plan de la puce de DSI_PHOENIX est montré dans Figure 7.26. Il comportes :

Figure 7 .

 7 Figure 7.28 (a)L'image d'un capteur en boitier, (b)Image du banc de test automatisé

Figure 7 .

 7 Figure 7.29 Une image capturée par un puce DSI_PHOENIX.Les 12 dernières colonnes correspondent aux sorties du BIST. La Figure7.30 montre une image qui contiens des résultat de test des trois groupes des lignes avec résistance ajoutée.

Figure 7 .

 7 Figure 7.30 L'image contient des résultats de test de LUT résistif.

Figure 7 .

 7 Figure 7.31 La courbe de linéarité de LPDD pour la détection des défauts résistifs.Plus de mesure en utilisant le banc de test automatisé ont aussi été effectué. Même avec le bruit des circuits de lecture (principalement le TVC et le ADC) ajoutée, les résultats montre aussi de bonne linéarité pour la détection des défauts, comme le montre dans la Figure7.32.

Figure 7 .

 7 Figure 7.32 La courbe de linéarité des résultats de test des lignes résistive obtenu en utilisant le banc de test automatisé.

  

  

  

  

  

  The image data captured by the ATE during optical test is sent to the PC MIG for processing. This can save ATE cost and reduce test test time by using the PC-MIG specifically designed for image processing.However, the communication and transmission of image data from CIS to ATE first, and to external PC next, is still a big challenge. For reading out image data, most CIS use Camera Parallel Interface (CPI) that is specified by the Mobile Industry Processor Interface (MIPI) alliance. These days more and more are beginning to use CSI interface that also specified by the MIPI alliance[START_REF] Merritt | Mobile Chip Interface Gets Real[END_REF] 

	Figure 2.2. Optical test with image processing in external PC.
	.2 shows a typical test
	system that contains a master PC for test program loading and control, an ATE HP
	Verigy-93000 for test signals generation and test results acquisition, and an external PC
	named MIG for image processing.

2.1.5 Equipment for production test of CIS Production

  test of CIS with low equipment cost and short test time is challenging due to the need of optical test. To reduce equipment cost, the production test is mainly realized by using standard digital ATE with custom designed test boards that include specific optical components to support optical test.

	The test results are data logged in Standard Test Data Format (STDF) which is the most
	commonly used data format produced by industrial ATE. The STDF files can be
	processed by different yield diagnosis tools to generate different reports on test results
	across wafers or lots, such as Pareto, binning, histogram, wafer map etc.

Components of digital ATE Figure

  The main components of an ATE of type Sapphire NP are indicated in Figure2.5, which is similar to Verigy-93k shown in Figure2.2. It consists of a Test Head that integrates all source and capture instruments, a test board which connects to the Device under Test (DUT), a Flexible manipulator, a cooling system and a power supply system. The DUTs are handled and connected to the test board of the ATE by another machine called Prober or Handler. The prober is used on EWS test. It moves across a silicon wafer and connects the pads of a DUT to the tips of the probes on a probe card, as shown in

	Cooling system	Flexible manipulator
		Test Head
		Source & Capture
		instruments
		Test board
		Power supply

2.5. ATE (Sapphire) hardware conponents.

" Differential nonlinearity (DNL) is the difference between an actual step

  2 C or MIPI CSI. The external clock from the tester is used on test mode to synchronize the DAC with the tester. The measurement of the DAC outputs is via analogue MUXes.

	Static characteristics of the DAC such as monotonicity, DNL, INL, gain, and offset are
	then extracted. One of the most important parameters for high resolution imaging DAC is
	non-linearity errors that can be described by two characteristics: Differential nonlinearity
	(DNL) and Integral nonlinearity (INL). DNL and INL are defined as follows:
	width
	and the ideal value of 1LSB. The DACs DNL must be less than 1LSB to
	guarantee its monotonic transfer function.
	" Integral nonlinearity (INL) is the maximum deviation, at any point in the
	transfer function, of the output voltage level from its ideal value. The 'best-fit
	straight-line INL' and the 'end-point INL' provide information about DACs offset
	error and gain error.

  Minor Single Pixel A minor defect pixel!! !,! with no immediate failing neighbors Major Single Pixel A major defect pixel!! !,! with no immediate failing neighbors Couplet Minor A defect pixel!! !,! with only one minor failing neighbor Couplet Major A major defect pixel!! !,! with only one major failing neighbor Cluster

Table 3 .

 3 [START_REF] Bigas | Review of CMOS image sensors[END_REF] The major optical bins of image defects.

	Dynamic range		
	Light/Dark level		
			Local image defects
	Single pixel	Number of defective single pixels beyond limit.
		Inner minor Number of couplets beyond limit for inner region or
	Couplets	Inner major Outer minor	outer region.
		Outer major	
	Clusters	Clusters can not be corrected
	Blobs	Containing uncorrectable Blobs
	Shape	Shapes can not be corrected
	Scratch		
	Snowball		
	VFPN	The maximum VFPN value beyond limit.
	HFPN	The maximum HFPN value beyond limit.
	Chop	Chopped V/HFPN failure.

Table 3 .

 3 

3 Metal-1 bridge sensitivity.

Table 4 .

 4 .1.

	T_T2SMT (ns) P	V T
	MAX	SS		3 125 3.89 ns
	MIN	FF 2.6 125 2.62 ns
	variation			1.27 ns
	T_T2SMT (ns) P	V T
	MAX	FS 3	125 3.37 ns
	MIN	SF 2.6 -40 1.48 ns
	variation			1.89 ns
	Table 4.2 PVT simulation of the PG block with LUT loaded by pixels.
	The delay added by the VCDL block (VCDL_DELAY) was also extracted in PVT

1 PVT simulation of the PG block with ideal LUT.

However, the worse cases of VT variations are rarely applied in production test. By varying only the process, the maximum is 3.23ns in case of FF, and the minimum value is 3.09ns in case of SS. The variation is only 0.146ns.

Another model of LUT used in the PVT corner simulations is loaded by the pixels. In this model, the total RC of the LUT is smaller than that we have used in ideal model, but the impact of the pixels PVT variations on the LUT is taken into account. The model of the pixels use the same model for CIS design with parasitic capacitance extracted from pixels layout. The T_T2SMT in worse cases are shown in Table

4

.2. simulations. When the bias current !"#$%% is set to 1.1!" , the values of VCDL_DELAY in the worse cases are shown in

Table 4.3. 

  An improvement of the current optical test program has been proposed to improve the HFPN fault coverage. This improvement has been applied on the testing of new products, and validated by statistical test results. To further increase HFPN fault coverage, voltage-based and time-based measurement techniques have been studied for an on-chip extraction of the line impedance. A novel BIST technique for the CIS has been developed. The novel BIST aims to detect the increase of the rise time of the signals in the interconnection lines due to the impedance increase caused by non-catastrophic defects. By measuring the rising edge of the signals, defective lines with high impedance can be distinguished from functional ones. This BIST takes into account the industrial test constraints, namely increasing of fault coverage, decreasing of test time and area overhead minimization. The technique presents a very small silicon overhead and power consumption. Simulation results have demonstrated the interest of the technique. " Configuration register (CONFREG): register both for configuration of main function (20 bits) and the test structure (20 bits). " BIST structure (T_LDD): Lines Delay Detection block that detect the signals propagation delay in the lines under test (LUT). " Time to Voltage Converter (T_TVC): converts the time interval between signals LTI and SMT, generated by T_LDD, to a voltage signal for test results read out. " Test controlling block (T_CTRL): synchronize BIST structure to pixel array readout sequence. " Fault injection (Fault_INJ): resistive and capacitive defects are added at the input or output of the LUT. " Monitoring block (MONX and MONY): inputs of the mux selected by setting of the CONFREG, used for monitoring the internal test signals of the BIST. " NVM for the chip ID.
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Table 5 .

 5 [START_REF] Fossum | CMOS image sensors: electronic camera-on-a-chip[END_REF] Measurement ranges and transfer ratio of the TVC.
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	2.			
	VICO = 1.41 V	Mean	!	Variation
	ICOL	4 uA	1.1 nA	0.03%
	TVC transfer ratio 4.4 mV/ns 7.9 uV/ns	0.18%

Table 5 .

 5 2 Mean and standard deviation of the TVC parameters.

Table 5 .

 5 6 Digital control signals with large loads.

  Two digital MUXs (MONX and MONY) are used to monitor the test control signals and several internal signals of the test block. The selection of the input is listed in the table in Appendix 2 -Digital MUX for monitoring.

Table 5 .

 5 

	7.

Table 5 .

 5 [START_REF] Matou | Precise FPN compensation circuit for CMOS APS[END_REF] Statistic results of the measurement of LPDD outputs.

7.1.1 Architecture des capteurs CMOS L

  This chapter presented the experimental validation of a new BIST technique that has been presented in Chapter 4. This BIST technique has been embedded in a CMOS imager prototype. Several blocks for test control, test results readout, internal signals monitoring and fault injection have been designed and implemented in the test chip.ConclusionIndustrial test of CIS contains two main parts: electrical test and optical test. The pixel array and the analog circuits for its readout are mainly validated by the optical test using a functional check. The fault coverage of the optical test of CIS needs to be improved.In this work we first studied the failure mechanisms of CIS and established the links between optical faults and electrical faults. The HFPN fault, which has presented fault coverage problems in production, is further analyzed. To increase HFPN fault coverage, we first proposed an improvement of the current test method that is based on image processing during optical test. This has been applied in production test for testing new products and validated by statistical test results. To further improve HFPN fault coverage, we proposed a BIST technique for the pixel array.The non-catastrophic defects in horizontal lines in the pixel array are the main cause of low HFPN fault coverage. The new BIST technique aims to detect this kind of defects by detecting the increase of the time constant (RC) of the defective line. To apply this principle on horizontal lines in pixel array, we developed LPDD circuits for measuring the signal rise time in a LUT. By comparing the measurement result to a reference, the defective lines with high impendence can be distinguished from functional ones. Since the measurement takes place on the functional signals used for image capturing during optical test, the BIST dos not require additional test time.We have first evaluated the novel BIST technique by simulation. The results have demonstrated that the BIST has good sensibility to both resistive and capacitive defects. An estimation of the wafer area requirement of the BIST has also shown the facility for implementation of the BIST in CIS. Then, the BIST technique is embedded into a CSI prototype for validation on wafer. To simplify the characterization set up, the BIST is designed to reuse the pixel readout chain for test results readout. The rise time measured by LPDD is transferred to a TVC using a pair of bit lines. The voltage outputs of the TVC are then read out as pixel values.The characterization of the chips from two wafers has been realized for an experimental validation of this BIST technique. The test results have shown that the BIST largely improves the detection of HFPN faults caused by defects in horizontal lines. The Aujourd'hui, des capteurs CMOS sont largement utilisés dans les téléphones cellulaires, les caméras web et les appareils photo numériques. Par rapport au capteur de type dispositif à transfert de charge (CCD), les capteurs CMOS ont des avantages de faible consommation d'énergie, des fonctions embarqués dans le capteur, et à faible coût de fabrication. Ils sont aujourd'hui de remplacer le CCD dans de nombreux domaines où le CCD était prédominante tels que de la sécurité, de l'automobile et des applications médicales. Comme tous les circuits intégrés (IC), les produits capteurs CMOS doivent passer des tests industriels après la fabrication. Cependant, la couverture des défauts des méthodes de test actuelle n'est pas suffisante. Ces méthodes sont principalement basées sur le traitement des images capturées par les produits afin d'évaluer leurs performances. Ceci est appelé test optique. L'objectif de la thèse est d'étudier et de développer des solutions alternatives au test optique pour obtenir la meilleure couverture de défauts tout en pris en compte les critères de test industriel comme le temps de test et le coût. 'architecture de base d'un capteur CMOS standard contient trois parties:" Une matrice de pixel, où chaque pixel est composé de composants optiques, une photodiode, et plusieurs transistors pour la lecture de pixel. " Des blocs analogiques (Custom Analog Blocks, CAB) pour la lecture de la matrice de pixels. Il contient d'un décodeur pour le control de matrice, des ADC pour la lecture, gestion d'alimentation, etc. " Les circuits numériques tels que des blocs logiques pour la génération des trames de lecture, pour le traitement d'image ou pour la communication des données. Les capteurs CMOS peuvent être classées en capteur Passif-Pixel (PPS) et capteur Active Pixel (APS). Alors que le PPS utilise juste un simple interrupteur pour la lecture de pixels, l'APS utilise un amplificateur dans le pixel pour la lecture. Les capteurs APS sont souvent nommés par le nombre de transistors utilisés dans le pixel, comme 3T, 4T et 1T75. Selon les modes de fonctionnement de pixel, ils sont classés en pixel logarithmique et pixel à intégration. Le pixel à intégration est beaucoup plus largement utilisé que pixel logarithmique. Les paramètres de performance d'un capteur CMOS sont principalement définis en fonction de leur influence sur des images capturées par le dispositif, et la plupart d'entre eux sont liés aux caractéristiques de pixel et la matrice de pixels. Ces paramètres peuvent être classés au niveau pixel et niveau système. Selon le moment où on effectue le test dans le cycle de vie de capteur, ils peuvent être classé à la caractérisation, le test en production et le test en ligne. Le test en production dispose de deux étapes principales: d'abord au niveau de la plaque c'est le Electrical Wafer Sorting (EWS), puis les dispositifs emballés sont triés par Final Module Test (FMT). Dans ce travail, nous nous concentrons sur le test en production.
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	The characterization results of the fabricated samples have proven the efficiency of this
	technique. A comparison with the conventional HFPN detection method demonstrated the
	improvement of the HFPN fault detectability using the new BIST technique. The high
	interest of this technique for improving HFPN fault coverage during production test has
	been demonstrated.

1 Test en production des capteurs CMOS Les

  tests effectués durant la production sont classés en test électrique et test optique.Test électrique comprend à la fois techniques et test structurel BIST ainsi que certaines mesures électriques. Ceci est similaire à la plupart des produits de IC numériques. Ces tests comprennent : vérification de la continuité, IDDQ, test de balayage etc.La matrice de pixels et le CAB sont principalement testés en vérifiant leur fonctionnalité au cours de test optique. Dans ce test, en appliquant des algorithmes spéciaux sur les images capturés par le dispositif, à la fois dans des conditions sombres et claires, les performances de capteur peuvent être validés, et les défauts surtout dans des composants optiques peuvent être détectés.Des défis critiques sont pointés sur le test optique. L'un des grand défis est le coût du temps de test significatif qui est corrélée à la grande quantité de données générée par la capture d'images. Le traitement de l'image est souvent réalisée dans un PC externe que sur l'équipement standard de test automatique numérique (ATE). Figure 7.1 montre un système de test typique qui contient un PC maître pour le chargement du programme de test et de contrôle, un ATE HP Verigy-93000 pour la génération de signaux de test et d'acquisition des résultats des tests, et un PC externe nommé MIG pour le traitement d'image.Figure 7.1. Optical test with image processing in external PC.Malgré l'efficacité de traitement d'image sur le PC externe, la transmission de données des images de capteur à ATE, puis vers le PC externe, est encore un grand défi. Les dispositifs ne peuvent pas être entièrement validées dans des conditions variées, en raison de ces limitations de l'équipement de test ou la durée du test. Cependant, la présence des défauts de l'image pourrait être affectée par les conditions de test . La couverture des défauts de test optiques est insuffisant et besoin d'être améliorée.

	Cette section introduite aussi un flow de test avec parallélisme de test électrique et
	optique, la forme de présence des résultats de test d'un capteur, certains équipements de
	test utilisé pour le test en production des capteurs CMOS.
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.2 Test de la partie analogique dans un CAB Cette

  section présente quelque méthode de test analogique pour le CAB qui ont été utilisés pour la caractérisation et transférés pour le test en production.1. Mesure de niveau via un MUX analogique. Ces test sont appliqués pour vérifier la fonctionnalité de certain blocs qui sert a générer des références de tension tels que : le Gap Band et la pompe de charge, les régulateur de tension.2. Validation des performances de DAC. Un test statistique de DAC peut être effectué en appliquant différents codes à l'entrée et à mesurer la tension de sortie. Dans ce test les codes d'entrée doivent être générés par l'ATE au lieu des circuits logiques embarqués dans la puce. Une horloge fournie par l'ATE doit être utilisée é pour synchroniser les mesures et les entrées. Ce test peut extraite les paramètres de performance de DAC tels que : DNL INL gain, ect. Test des ADC-colonnes. En mode de test ADC colonnes, les entrées de l'ADC ont coupé de colonne à partir des sorties de pixels et en les connectés à une entrée de test. Les signaux de test peuvent être fournis par un DAC interne ou générés par l'ATE et entré via analogue MUX (voire Figure7.2).

	Processing results 3. Figure 7.2. Input switches for column ADCs testing. Test program Images data 7.2.
	4. Bit-Line-Test (BLT). Le BLT peut être effectuée pour vérifier les interconnexions
	verticales entre la sortie de pixels et les ADC-colonne.
	Figure 7.3 Utilisation de références blanches et noires pour Bit-Line-Test.
	Dans ce test, les lignes verticales sont connectées à différentes références de tension pour
	générer des signaux d'entés des ADC-colonnes (voir Figure 7.3). Une image de noire et
	blanc généré électriquement au lieu des pixels peuvent être produites pour vérifier la
	connectivité des lignes verticaux.

3 Solutions alternative aux test des capteurs CMOS Cette

  section présent quelque cas d'étude sur des solutions alternatives de test optique pour tester le matrice de pixel et le CAB.

	1. Une solution d'auto test pour la détection de pixels défectueux
	Une solution d'auto test pour la détection de pixels défectueux sans ressources optiques a
	été présenté dans [21] [22]. Le principe de cette technique consiste à trouver des pixels
	défectueux par capture d'une image électrique à la place de capture de l'image de photons
	générés. L'image électrique est générée en appliquant un stimulus électrique à l'anode des
	photodiodes. La Figure 7.4 montre le principe de cette technique d'auto test et la
	séquence de test.
	Figure 7.4. Stimulus appliqué sur l'anode de la photodiode dans (a) un Pixel à intégration,
	et (b) séquence de test.
	Cette technique largement réduit le temps et les coûts de test en évidant les équipements
	pour test optique. Cependant, cette technique est difficile à réaliser sue plaque de silicium
	pour EWS, parce que le stimulus de test doit être appliqué à l'anode de la photodiode qui
	correspond au substrat des transistors.

"

  Pixel chaud ou Stuck-High pixel, aussi appelé pixel blanc, est un pixel avec sa valeur coincé à un maximum tout le temps. Il produit une tache lumineuse dans l'image. Il vient souvent de fuite électrique dans les circuits de pixels.Pour la détection de pixels défectueux dans le test de production, la définition des défauts de pixel est légèrement différente. Pour décrire les pixels défectueux, nous utilisons un noyau (Kernel) de !×! pixels, avec l'éclairage incident l'emplacement (!, !) désigné par !! !,! . Le pixel d!fectueux est d!fini par un !cart en pourcentage du pixel partir de moyenne du noyau. Les pixels défectueux sont stockés dans une carte de pixel défectueux. La carte est ensuite traitée pour trouver des défauts d'image en catégorisant le type et la quantité de défauts, comme pixel unique (Single Pixel), Couplet, Cluster, Blob etc.Certains défauts tels que pixel unique et couplet peuvent être corrigées. Ces défauts sont autorisés comme ils peuvent être enlevés avec une correction de défaut ultérieur ou sont définies dans la spécification du client. Au contraire, les grand défauts ne pourront pas être corrigé sont trié comme échec image. Selon nos études sur les produits à grand volume, nous avons trouvé trois types de grands défauts de l'image qui peuvent avoir un impact important sur le rendement: VFPN, HFPN et de formes défauts (Shape).Vertical bruit de motif fixe (VFPN) apparaissent comme des bandes verticales et les défauts de baguage dans les images, comme le montre la Figure7.6 (a). Elle peut être mesurée en prenant la variation entre les moyennes des colonnes.

Horizontal bruit de motif fixe (HFPN) comprend des bandes horizontales résiduelles et bandes en images. La Figure

7

.6 (b) montre un exemple de HFPN défaut. Les deux VFPN HFPN défauts et sont difficiles à enlever avec l'algorithme de correction du traitement de l'image.

4 Amélioration de la couverture des défauts HFPN dans des capteurs CMOS

  Figure 7.10 montre que des défauts non-catastrophiques dans les lignes d'interconnexion peuvent être modélisés comme une résistance supplémentaire dans la ligne et un condensateur entre les lignes parallèles. Ces défauts d'augmenter l'impédance de sorte que les lignes de retard de propagation des signaux augmentent aussi. Pour une onde carrée envoyé depuis une extrémité de la ligne, à l'autre extrémité de la pente des bords signaux dépend de la constante de temps de la ligne. Un résultat de la simulation électrique représenté dans la Figure7.11 montre que les signaux montante augmentation de temps avec différentes résistances ajoutés dans les lignes de zéro à plusieurs mille ohms. Figure 7.11 Les résultats de simulation avec des défauts ajoutés dans les lignes résistives.Nos études sur les dispositifs produits à grand volume ont montré que HFPN est l'un des défauts d'image présentent des problèmes de couverture de défaut en test industrielle. Ceci est l'une des principales causes de retours clients pour de nombreux produits.Pendant le test optique de la production, les valeurs H/VFPN peuvent être extraites en comparant chaque ligne/colonne avec des lignes/colonnes adjacentes. Toutefois, cette procédure de test optique est insuffisante pour révéler tous les défauts V/HFPN dus à un manque de temps de test pour capturer des images dans des conditions de test variées, ou en raison du manque de précision de traitement d'image.Les défauts HFPN sont causés par des changements de topologie de circuit électronique pour control de matrice de pixels. Ces changements sont généralement dus à la présence de défauts dans des blocs pour alimentation et adressage de pixels et les interconnexions. Les défauts résultant des interconnexions métalliques partiellement dégradées ne peuvent pas provoquer défauts de l'image dans des conditions de test industriel, en passant des tests optiques. Plus tard, ces défauts peuvent produire des défauts d'image dans le champ, soit parce que les conditions de capture seraient plus strictes, ou parce que les défauts seraient évolués vers défauts catastrophiques.

	Figure 7.10 Défauts non catastrophiques dans les lignes horizontales est modélisés
	comme impédance additionnelle.	
	(a)	(b)
	7.4.	
	!	
	Comme mentionné précédemment, les défauts HFPN sont principalement causées par des
	défauts de lignes d'interconnexion horizontaux dans la matrice de pixels. La couverture de
	défaut par test optique ne suffit pas pour ces défauts. Il ne peut pas détecter les défauts
	dus aux faibles circuits ouverts ou courts circuits dans les lignes d'interconnexion. Cela
	peut provoquer des défaillances HFPN dans certaines conditions dans le domaine. Ils
	peuvent évoluer dans des défauts catastrophiques ainsi. Par conséquent, notre étude doit
	cibler la détection de circuit ouverte résistif (RO) ou court circuit résistif (RS) défauts de
	pixels lignes d'interconnexion horizontales.	

7.

1 Couverture des défauts HFPN insuffisante

  La Figure7.12 montre une carte de plaque (Wafer-Map) des résultats des tests pour HFPN. La légende de couleur sur la droite indique les valeurs HFPN de 2 à 8 codes de couleurs différentes. Les pièces avec max-HFPN supérieure à 8 codes sont représentés par la couleur rouge foncé. La limite max-HFPN pour ce produit est de 10 codes. Cela rend les pièces avec max-HFPN delà de 10 codes à trier comme un échec HFPN. Figure 7.12 Wafer-Map pour HFPN test qui contient des pièce échappé de EWS.La pièce indiquée en bas de la carte a passé le test HFPN sur EWS, mais il a été retourné par un client en raison de défaut HFPN. Il a la valeur max-HFPN de 8,54, ce qui est inférieur à la limite max-HFPN pour ce produit. Avec le test optique actuel, si on serre la limite de HFPN à 8 codes pour couvrir ce défaut pièce, ça va conduire à une perte de rendement significative. Ceci peut être illustré par l'analyse statistique du test HFPN au niveau des lots (voir la Figure7.13).La pièce retour de clients est retrouvée dans la plaquette numéro-03. La HFPN valeur médiane de cette plaque est alignés avec les autres plaques de ce lot. Si la limite HFPN est réglée à 8 codes, il y aura un nombre important de pièces triées comme un échec HFPN, ce qui entraînera la perte de rendement. Les limites de test pour EWS sont donc difficiles à régler en raison de compromis entre la couverture de défaut et le rendement. 'image contient 760 lignes qui sont numérotés à partir de bas en haut dans l'axe horizontal de la figure. L'axe principal (à la gauche) vertical correspond à la valeur HFPN de chaque ligne, et l'axe vertical secondaire (à la droite) est la valeur moyenne des pixels de chaque ligne. La courbe bleue est la distribution HFPN. La courbe rouge correspond à la valeur moyenne des pixels de chaque ligne. Il y a trois lignes anormales avec leur valeur HFPN beaucoup plus grande que la moyenne. Ils sont la ligne <465>, la première ligne et la dernière ligne de l'image :La ligne <465> est une ligne défectueuse, mais les valeurs de HFPN anormaux de la première et les dernières lignes sont dues à des effets de bord. En raison de cet effet de bord, les valeurs HFPN des lignes à bord sont souvent beaucoup plus grandes que les autres lignes. Ainsi, pour la plupart des pièces sans défaut HFPN, la valeur max-HFPN stockée dans le résultat de test représentent les valeurs HFPN des lignes à bord.
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		Figure 7.13 L'analyse statistique de test HFPN au niveau de lots.
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7.4.2 Algorithme pour la détection des défauts HFPN

Basé sur les moyennes de chaque ligne de pixels, HFPN est calculé en comparant chaque ligne en question aux plusieurs lignes adjacentes. La Figure

7

.14 montre la répartition de HFPN obtenu par application de cet algorithme sur la pièce retourné de clients. Figure 7.14 Valeur moyenne des pixels de chaque ligne et leur HFPN.

L

3 Une amélioration de l'algorithme pour la détection des défauts HFPN Une

  première amélioration consiste à utiliser différentes régions d'intérêt (ROI) pour les lignes à bord, avec des limites de test qui peut être spécifique pour ces ROI, tandis que les autres lignes seront en mesure d'avoir une limite stricte. Figure 7.15 Distribution de HFPN avec programme de test amélioré. Le programme de test a été modifié pour stocker le max-HFPN de ROI différentes afin de vérifier cette proposition. La Figure 7.15 montre les résultats d'un test d'une plaquette. La boîte verte est pour le ROI central; les violets et bleus sont pour le ROI en haut et en bas,
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  Ces signaux carrés sont envoyés d'un coté de la ligne. Le temps de montée au niveau des entrées des lignes est de plusieurs ordres de grandeur plus faible que sur les sorties de ces lignes. On peut donc négliger la variabilité du temps de montée à l'entrée. Notre structure BIST est composée de deux étapes. La première étape mesure les fronts montants des signaux dans chaque ligne horizontale. La deuxième étape décide si une ligne sous test est défectueuse ou non conforme à l'information donnée par la première étape. L'utilisation de cette technique de BIST ne sera pas augmenter le temps de test du tout, parce que le test est effectué pendant la capture d'image Dans la première étage de la nouvelle technique BIST, nous utilisons un bloc appelé détecteur de délai de propagation (LPDD) pour mesurer le front montant des signaux dans chaque LUT. Le LPDD est composé de deux comparateurs de tension qui sont mis sur le côté opposé du décodeur de matrice de pixels. Les deux comparateurs seront déclenchés à différents niveaux de tension et peuvent générer deux signaux avec un intervalle de temps entre leurs fronts montants proportionnels au temps de montée du signal dans la LUT.
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7.4.6 Evaluation de la performance d'un circuit LPDD par simulation

  La performance du LPDD est la clé de ce nouveau technique BIST, il est d'abord validé par des simulations. La Figure7.25 montre les résultats de simulation. En augmentant la résistance de la LUT, le temps de déclanchement de SMT (SMT_T à la couleur pourpre) augmente plus rapidement que celui de LTI (TRG_T à la couleur verte). L'intervalle entre TRG_T et SMT_T est proportionnel à la résistance de la LUT montré dans la courbe rouge. La sensibilité de la LPDD est d'environ 0.75ns / kQ. Ceci est suffisamment précis pour la détection d'une augmentation d'impédance causée par des défauts résistive. Figure 7.25 L'augmentation d'intervalle entre LTI et SMT est proportionnelle à la valeur de résistance de la LUT.Une simulation Monte Carlo (MC) a aussi été effectuée. Dans cette simulation, le LUT est fixé en ayant de la résistance de 3kΩ et la capacité de 800fF. La valeur nominale du temps d'intervalle entre LTI et SMT est de 2.85ns avec un écart de 3 sigma inférieure à 0.1ns. Cette résolution est suffisante pour la détection des petits défauts résistive.

7.

5 Validation de nouveau auto test sur puce

  Pour valider le nouveau technique BIST proposé dans ce travail, nous avons réalisé la conception et la caractérisation d'un prototype avec cette technique intégré. Nous avons utilisé une conception de puce pour le projet de Solution Design STMicroelectronics en interne pour Imagerie (DSI) qui se consacre à la recherche et développement. La puce a été fabriquée dans un Multi-Project Wafer (MPW) de ST-Imaging combinant plusieurs d'autres projets imageries.La puce DSI est dédié pour valider de nouveaux modèles de pixels. Il contient les principales fonctions de CAB, la matrice de pixels et blocs de polarisation associés. Contrairement aux produits, qui intègrent dans la puce la plupart des fonctions d'acquisition d'image, de conversion et de transmission, ces fonctions sont réalisées sur le banc d'essai. Cependant, la topologie de CAB dans le DSI est le même que dans les vrai produits. Ainsi, la mise en oeuvre de ce technique BIST est équivalente pour DSI ou produits.
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1 Aperçu de la conception de prototype DSI_PHOENIX La

  conception de ce prototype DSI_PHOENIX est basée sur une puce de test DSI précédente appelé JOBO pour la validation de plusieurs versions d'une conception de pixel de type 4T. Les caractéristiques concernant les pixels sont les suivantes :• La taille de la matrice de pixels: 1 056 × 790 pixels • Pixel pitch: 2.00 pm • Architecture: 4T DualVX • Type de filtre couleur: RGB uniforme pour tous les pixels

2 Plan de test pour la validation des performances d'auto test

  • Injection de faute (Fault_INJ): résistifs et capacitifs défauts sont ajoutés à l'entrée ou la sortie de la LUT. • Bloc de surveillance (MONX et MONY): entrées du multiplexeur sélectionné par CONFREG, utilisé pour surveiller les signaux internes du BIST. La lecture des résultats de LPDD est réalisée en utilisant directement une paire de lignes verticales au lieu de les stocker d'abord dans une mémoire. Comme le montre la Figure 7.27, la sortie de chaque LPDD conduit un transistor NMOS dont le drain est connecté à une ligne vertical et la source à la masse. Figure 7.27 Lecture de LPDD utilisant deux lignes verticales. Le temps d'intervalle entre !"#〈!〉 et !"#〈!〉 est transmis aux lignes verticales VXLTI et VXSMT. Par la suite, le temps d'intervalle entre VXLTI et VXSMT est converti à une tension par un TVC. Les signaux de tension convertis peuvent être lues comme valeurs de pixels supplémentaires et il est possible de les former en image. La performance du circuit TVC est évaluée par des simulations MC. Le ratio de transfert de TVC est de 4,4 mV/ns avec un écart type de 7,9 uV/ns. Dans chaque linge de pixels, deux lignes sont connectées à LPDD pour le test. Plusieurs cas de test sont pris en compte pour la validation du BIST:

	7.5.

  Pour comparer avec le méthode de test de HFPN actuelle, ces test aussi effectué sur la même puce. Figure7.33 montre les résultats de test HFPN par la méthode de traitement d'image sur une image capturée par cette diapositive. Les défauts de HFPN présentés dans ce dispositif peuvent également être détectés, mais que pour certain défaut très grave et les petits défauts sont indétectables par test optique qui sont tous bien détecté par le nouveau BIST méthode. Figure 7.33 Détection HFPN par test optique.Test industriel des capteurs images en technologie CMOS comprend deux grandes parties: test électrique et de test optique. La matrice de pixels et les circuits analogiques pour sa lecture sont principalement validés par le test optique. La couverture des défauts du test optique a besoin d'être améliorée.Dans ce travail, nous avons d'abord étudié les mécanismes de défaillance de capteur CMOS et établi les liens entre les défauts optiques et les défauts électriques. La faute HFPN, qui a présenté des problèmes de couverture de défaut dans la production, est en outre analysée. Pour augmenter la couverture de défaut HFPN, nous avons proposé d'abord une amélioration de la méthode d'essai actuelle qui est basée sur le traitement d'image pendant le test optique. Cela a été validé par les résultats du test statistique et appliqué dans le test de production pour tester de nouveaux produits. Pour améliorer encore la couverture de fautes HFPN, nous avons proposé une technique BIST pour la matrice de pixels.
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Les défauts non catastrophiques en lignes horizontales dans la matrice de pixels sont la cause principale de la faible couverture de fautes HFPN. La nouvelle technique de BIST a pour but de détecter ce type de défauts en détectant l'augmentation de la constante de temps (RC) de la ligne défectueuse. Pour appliquer ce principe sur des lignes horizontales dans la matrice de pixels, nous avons développé des circuits de LPDD pour mesurer le temps de montée du signal dans une LUT. En comparant le résultat de la mesure à une référence, les lignes défectueuses haute impédance peuvent être distingués de ceux fonctionnels.

Nous avons d'abord évalué la nouvelle technique BIST par simulation. Les résultats ont démontré que le BIST a une bonne sensibilité à la fois résistives et capacitives défauts. Ensuite, la technique BIST est intégrée dans un prototype pour validation. Pour simplifier la caractérisation, le BIST est conçu à réutiliser la chaîne de lecture des pixels pour la lecture des résultats des tests.

La caractérisation des dispositifs à partir de deux plaquettes a été réalisée pour une validation expérimentale de cette technique BIST. Les résultats de test ont montré que le BIST améliore largement la détection défauts HFPN causés par des défauts dans les lignes horizontales. La performance de la LPDD pour la détection de lignes résistifs d'abord validée en mesurer directement leur sorties par oscilloscope. Le LPDD a montré une bonne linéarité et la sensibilité au RC de la LUT. Ensuite, les résultats statistiques sont obtenus grâce à un banc de test automatisé. Les résultats des essais ont montré que les défauts résistifs et capacitifs injectés ont été détectés avec une grande précision.

Les résultats expérimentaux obtenus avec le premier prototype ont montré l'efficacité du test de la nouvelle technique BIST pour la détection de défauts HFPN. Il a de bonnes perspectives dans l'avenir test industriel de produits de capteur CMOS en particulier sur les applications avec des exigences de performance.
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Validation of the new BIST solution on wafer

To validate the novel BIST for CIS proposed in this work, we have carried out the design and characterization of a test chip. Considering varied industrial constraints, we did not integrate directly this new test technique in products. Instead, we used a chip design from the STMicroelectronics in-house project Design Solution for Imaging (DSI) that is dedicated to research and development. The chip was integrated into a ST-Imaging's own Multi-Project Wafer (MPW) run combining several other CIS development projects.

The DSI test chip is dedicated to validate new pixel designs. It contains the main functions of the CAB, the pixel array and associated biasing blocks. Unlike the CIS products, which integrate on chip most of the functions for image data acquisition, conversion, transmission and image processing, these functions are realized on test bench. However, the topology of the CAB in the DSI is the same as in CIS products. Thus, the implementation of the BIST structure into the DSI is equivalent.

In this chapter, we will first present the design of a prototype that we call DSI_PHOENIX with the new on chip test structure implemented. Next, the characterization results of this test chip will be presented.

Design overview of test chip DSI_PHOENIX

The design of the DSI_PHOENIX test chip is based on a previous DSI test chip called JOBO for the validation of several versions of a 4T pixel design. In DSI_PHOENIX, the pixel array uses a mono-pixel design instead of a multi-pixel combination. The features concerning the pixels are as follows:

" Pixel array size: 1056×790 pixels " Pixel pitch: 2.00 µm " Architecture: 4T DualVX " Color type: Uniform RGB for all the pixels

Block diagram of DSI_PHOENIX

The top-level floor plan of the DSI_PHOENIX test chip is depicted below.