Improved Radiation Qualification & Test Methods: Optical Detector Noise Characterization

(Avalanche Photodiodes)

Heidi Becker

The following document presents the state of JPL’s Improved Radiation Qualification and Testing Methods for the Noise Characterization of advanced photodetectors as of September, 2003.

1.0 State of radiation qualification & test methods for optical detector noise characterization

As optical communications assumes a greater role in JPL/NASA missions, the need for noise characterization as part of comprehensive radiation testing of advanced optical detectors is increasing.  The goal of this task was to develop and implement the circuitry and test methods necessary to perform pre- and post-irradiation noise characterization of complex optical detectors that are candidates for future JPL missions.  

Silicon avalanche photodiodes (APDs) are currently being pursued by JPL as data receivers for future space-based optical communications applications.  Because of the relevance to current and future JPL radiation qualification needs, and the complex challenges to noise characterization that APDs present, we chose this technology as our device under test (DUT) for our prototype circuitry.

APDs are attractive detectors for sensitive space applications because of their low noise and high gain compared to conventional detectors.  These types of detectors can be used to detect single photons when biased at voltages very close to (but below) breakdown, and, when operated at voltages that are several volts below breakdown, they can detect light levels as low as several femtowatts.  However, from the standpoint of noise characterization, they present testing challenges due to the very high voltages required to achieve the high gains needed for typical applications (voltages of 200 to 400V can be necessary to reach a gain of 100).  Spectrum analyzers and dynamic signal analyzers, the customary tools for measuring noise spectra, have maximum input voltages of approximately ( 40V (peak).  In order to measure small dark current noise signals and overcome the high voltage problem, transimpedance amplification (TIA) is necessary and will be discussed in detail below. 

A noise circuit was completed and used in Co-60 gamma and 51-MeV proton tests of two different APD structures:  the RCA Type C30954E IR-enhanced reach through APD by Perkin Elmer, and the “standard” 036-70-62-531 APD by Advanced Photonix.  A description of our test methods, circuit design, and noise data follows.

2.0 METHODS

2.1 Test Devices

Two silicon APD structures were characterized for dark current noise spectral density changes following irradiation with Co-60 gammas and 51-MeV protons.  Both structures are high speed APDs with active area diameters of approximately 0.8 to 0.9 mm.  The Perkin Elmer C30954E is enhanced for the near infrared, and has a deep collection depth of 130 microns.  The Advanced Photonix 036-70-62-531 is a more standard APD with a peak responsivity near 800 nanometers and a more shallow collection depth of 25 microns.  

2.1.1 APD Physics

Figure 1 shows a typical APD structure and the processes that occur in different regions of the device. Other device configurations are possible, but the basic principles are the same.  APDs use a reverse bias applied to a p-n junction. They operate in a fully depleted mode in that the reverse bias creates a depletion region in the diode that extends all the way from the junction to the p+ region at the other side of the device.  Light is absorbed and creates electron-hole pairs in the depletion region. Electrons are swept via drift toward a very high field region at the p-n junction called the avalanche (multiplication) region. It is here that the electrons become energetic enough to create additional electron-hole pairs by impact ionization, starting a chain reaction where additional electron-hole pairs are created. Avalanche multiplication is the internal gain mechanism of APDs.
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Fig. 1 Schematic of the avalanche process in an APD

Dark current in APDs has two components: surface currents which are unaffected by gain, and bulk leakage current which passes through the avalanche region and is therefore gain-multiplied.  A common approach to controlling surface current is the incorporation of one or more guard rings [1].  The Advanced Photonix APD uses four guard rings to control leakage current along the p-n junction edges caused by the junction curvature effect.

2.2 Evaluated Parameters

APDs are characterized in terms of noise with the units of dark current noise spectral density (A/(Hz).  This is a measure of the dark current noise, normalized over a 1Hz bandwidth, usually provided at a specified frequency of 10 kHz.  As stated above, dark current (leakage current under unilluminated conditions) in an APD is a combination of surface currents and gain-multiplied bulk current.  The total spectral noise of an APD in an unilluminated state is given by:

in = [2q(Ids + IdbM2F)B]1/2  

(1)

where Ids is the surface dark current, Idb is the gain-multiplied bulk dark current, M is the APD gain, B is the system bandwidth, and F is the excess noise factor of the APD.  The excess noise factor is related to the excess noise generated due to the statistical nature of the avalanche process.  It is a function of the carrier ionization ratio, and is material-dependent.  The manufacturer specified dark current noise spectral densities of our APD structures were 0.4 pA/Hz1/2 for the Advanced Photonix structure, and 1 to 2 pA/Hz1/2 for the Perkin Elmer structure.

Under illuminated conditions, shot noise also becomes important to APD noise profiles.  Our study was devoted exclusively to dark current noise.  This type of measurement was more simply achieved in our lab environment, since shielding our noise circuitry from ambient noise signals (such as 60 Hz power line harmonics) was achieved in enclosed, dark conditions.  Noise characterization under illuminated conditions is the next logical step in the development of our optical detector characterization capabilities.  This will require the incorporation of additional circuitry related to a light source.

2.3 Irradiations

Four to six samples of each APD structure were irradiated up to 1012 p/cm2 at Crocker Nuclear Laboratory, UC Davis using 51-MeV protons.  The devices were irradiated and evaluated under reverse bias in a linear mode, with the voltage required for a pre-irradiation gain of approximately 100.  This voltage was approximately 400V for the Perkin Elmer devices and 200V for the Advanced Photonix devices.  One to two more samples of each type were irradiated unbiased and characterized after each irradiation under reverse bias.  

Some additional samples were irradiated under bias to 160 krad(Si) with Co-60 gamma rays at the Jet Propulsion Laboratory total dose facility in order to compare proton and gamma radiation effects.  The APDs were irradiated at equivalent total dose rates of 100 rad/s (51-MeV protons) and 50 rad/s (gammas).  

All irradiations were conducted at room temperature, and pre- and post-irradiation characterization was done at 22(C using thermoelectric cooling (TEC) modules placed in contact with the devices under test.

2.4 Apparatus

The APDs were biased using a special power supply for avalanche photodiodes made by Power Technology Inc. (Model PD-3-06).  The PD-3-06 is an adjustable high voltage power supply designed especially for biasing APDs.  By using a small signal diode as a temperature sensor, the output voltage of the supply can match the linear temperature coefficient for constant gain of the APD.  This temperature coefficient is expressed in V/(C and has to do with the temperature dependence of gain in an APD.  Gain for a given voltage in an APD will decrease as the temperature rises.  This is because of increased crystal lattice vibrations as temperature increases, which makes it more likely that carriers will collide with the lattice, and lose enough energy that they can no longer trigger the avalanche process.

The APDs were characterized under a constant bias (corresponding to a pre-irradiation gain of 100) in a test fixture that included TIA circuitry that will be discussed in detail in the next section.  The fixture and TIA circuitry were completely enclosed in an RFI shielded box to minimize the effects of ambient electrical noise, such as 60 Hz power line harmonics.  The output voltage of our noise circuit was input to an HP 35665A Dynamic Signal Analyzer which directly measured voltage noise spectral density from 10 Hz to 1 kHz.  Dark current noise spectral density was determined by dividing by the transimpedance amplifier gain.  

2.4.1 Transimpedance Amplification Circuitry

Our transimpedance amplification circuitry was derived from a similar circuit developed by MIT Lincoln Labs in 1987 for determining dark current noise spectral density changes in RCA type APDs following irradiation with gammas and electrons [2].  Eric Swanson, formerly of Lincoln Labs, provided valuable assistance in the design of our circuit.

The circuit diagram of our transimpedance amplifier is shown in Figure 2.  A 15V very low noise FET OP AMP is the central feature of our circuit.  The OP AMP was a Burr Brown OPA128, chosen for its unity gain bandwidth of approximately 1 MHz.
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Fig. 2  Transimpedance Amplification Circuit for Noise Characterization of APDs.

High voltage mica and electrolytic capacitors were used to filter the high voltage input coming from the PD-3-06 power supply.  In order to minimize stray capacitance, the lead lengths from the APD to the OP AMP input were kept as small as possible.  A customized socket arrangement was made for the DUTs which allowed us to air-bridge the APD anode to the FET OP AMP inverting input, keeping only a 5 mm lead length.

The feedback resistor of the OP AMP was also air-bridged to minimize stray capacitance.  This resistor was a 10 Mohm low capacitance resistor manufactured by Eltec Instruments, Inc.  The manufacturer estimated that the capacitance was between 0.002 pF and 0.5 pF.

Figure 3 is an image of the circuit used in this experiment.  For reference, the orientation is that of the circuit diagram in Fig. 2, read from right to left.  
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Fig. 3 A closeup of the APD noise characterization circuit.

Figure 4 includes the entire APD noise characterization apparatus:  the PD-3-06 high voltage power supply, the TIA circuit, and the dynamic signal analyzer.  Of course, in practice, a lid for the RFI shielded box that contains the TIA circuitry and APD under test completely encloses the electronics.
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Fig. 4  The complete APD noise characterization apparatus.

3.0 Results

Noise spectra from 10 Hz to 1 kHz were evaluated before and after irradiation with 51-MeV protons and Co-60.  

3.1 Advanced Photonix APDs

Figure 5 shows data for an Advanced Photonix APD taken prior to irradiation, following biased irradiation with protons to 1012 p/cm2, and after one week of unbiased annealing at room temperature.  Data from another Advanced Photonix device following biased irradiation with gammas is also included.
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Fig. 5  Noise results for the Advanced Photonix structure after biased

             irradiation to 1012 p/cm2 or 160 krad(Si) [equivalent total dose].

Power line harmonics are evident in initial measurements, but disappear after the noise increases from radiation damage.  After 1012 p/cm2, dark current noise across our measurement spectrum increased by approximately one decade.  There was a slightly higher increase in the lower frequency (1/f) component of the noise.  Although all noise components exhibited annealing, there was less annealing at higher frequencies.

The Co-60 data is noticeably different than the proton data.  There was a very high increase in 1/f noise following gamma radiation, and a much smaller increase in high frequency noise.  It is important to note that, in a side experiment, post-irradiation DC dark current was measured to be almost 50 percent greater in the sample irradiated with Co-60.  Supplemental work in a larger study of these APDs revealed that the Advanced Photonix structure exhibits different behavior following irradiation, on a part-to-part basis.  It is therefore important to appreciate not the relative noise amplitudes but rather the relative slopes of the noise spectra after proton versus gamma irradiation.

The Lincoln Labs group led by Eric Swanson observed similar increases in 1/f noise in an APD biased for a gain of 100 and irradiated with 1.5-MeV electrons to 300 krad(Si) [2].  They attributed increases in high frequency noise to increases in bulk damage and gain-multiplied dark current.  Increased 1/f noise was linked to increased surface leakage currents, most likely caused by trapped holes in the oxide layer creating an n-type channel in the lightly doped p-region of their structure.

Increases in noise were smaller (about a factor of 2 less) and relatively flat across the measurement spectrum for the Advanced Photonix APD that was irradiated unbiased.  Figure 6 shows data for the unbiased case.
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Fig. 6  Noise results for the Advanced Photonix structure after unbiased irradiation 

    with 51-MeV protons, and after a one week unbiased annealing period.

3.2 Perkin Elmer APDs

The Perkin Elmer APDs irradiated with protons showed smaller noise increases than the Advanced Photonix APDs.  The noise spectrum was relatively flat following irradiation and was approximately 10 pA/Hz1/2 at all frequencies.  After one week of annealing the spectrum was still flat but had decreased to approximately 8 pA/Hz1/2.  Results were similar for unbiased irradiations.  Figures 7 and 8 show the spectra for representative biased and unbiased cases, respectively.
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Fig. 7  Noise results for the Perkin Elmer APD structure, following biased irradiation

with 51-MeV protons, and after a one week unbiased annealing period.
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Fig. 8  Noise results for the Perkin Elmer APD structure, following unbiased irradiation

with 51-MeV protons, and after a one week unbiased annealing period.
3.3 Saturation Issue

Several devices (both Perkin Elmer and Advanced Photonix) that had increases in DC dark current of 1 microampere or more following irradiation, saturated our noise measurement circuitry.  The results from Co-60 testing of the Perkin Elmer APDs were marred by this saturation issue, so we were not able to compare the relative radiation response to gammas and protons for this structure.

3.4 Interpretation of Results

The increase in 1/f noise observed after irradiation of the Advanced Photonix APDs suggests that surface effects are very important with this structure [2].  The Advanced Photonix APD uses four guard rings to control leakage current along the junction edges caused by the junction curvature effect.  Previous work with high voltage power MOSFETs [3] has shown that charge trapping in the oxide above and between guard rings can change their effectiveness by inducing n layers in the lightly doped p- region allowing surface currents to flow.  

There was less of an increase in 1/f-type noise in unbiased Advanced Photonix devices.  This is consistent with the effect of bias on hole trapping in oxide.  If irradiations are biased, electrons are swept to the positive contact, leaving the less mobile holes trapped in the oxide.  When irradiations are unbiased, electron-hole pairs created during ionization will have more of a tendency to recombine.

The Perkin Elmer APD appears to be less sensitive to ionization damage and increases in surface leakage currents, given the relatively flat noise spectra of these devices following irradiation with 51-MeV protons.  This structure also appears to be less sensitive to bulk dark current increases than the Advanced Photonix structure, as is evidenced by smaller overall dark current noise spectral density increases.

Some of the results presented in this TRO were also presented at the 2003 Nuclear and Space Radiation Effects Conference, and will be published in the December 2003 IEEE Transactions on Nuclear Science in conjunction with a more complete study of these APD structures that included results on post-irradiation DC dark current and photoresponse changes.

4.0 Areas for further work

The saturation problem mentioned in the Results section of this report will need to be overcome to accurately determine the extent of the radiation damage in devices that acquire very high DC dark current levels following irradiation.  Although the radiation response of an optical detector cannot be predicted, a design improvement to our noise circuitry would be to make changes that allow significantly higher signal levels to be detected by the dynamic signal analyzer without saturating the circuitry.

The incorporation of the capability to measure noise under illuminated conditions is the logical next step, and is perhaps just as relevant to an optical communications application.  This would involve the addition of a laser light source within the box that shields the system from ambient electrical noise.

Finally, the characterization of other candidate detectors for JPL missions should be attempted.

5.0 Conclusion

A successful characterization of radiation-induced dark current noise spectral density changes was performed on two avalanche photodiode structures.  The design and construction of the requisite circuitry, and the development of the test methods to perform this type of characterization was a strong first step toward acquiring the type of expertise that will be needed by JPL’s space-based optical communications projects in the future as they qualify optical detectors for radiation environments.
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