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ABSTRACT  

We report the results from proton and gamma ray radiation testing of HgCdTe avalanche photodiode (APD) arrays 
developed by Leonardo DRS for space lidar detectors. We tested these devices with both ~60 MeV protons and gamma 
rays, with and without the read out integrated circuit (ROIC). We also measured the transient responses with the device 
fully powered and with the APD gain from unity to >1000. The detectors produced a large current impulse in response to 
each proton hit but the response completely recovered within 1 µ s. The devices started to have persistent damage at a 
proton fluence of 7e10 protons/cm2, equivalent to 10 krad(Si) total ionization dose. The dark current became much higher 
after the device was warmed to room temperature and cooled to 80K again, but it completely annealed after baking at 85¡C 
for several hours. These results showed the HgCdTe APD arrays are suitable for use in space lidar for typical Earth orbiting 
and planetary missions provided that provisions are made to heat the detector chip to 85¡C for several hours after radiation 
damage becomes evident that system performance is impacted. 
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1.! INTRODUCTION   
HgCdTe photodiode arrays are among the most sensitive detectors in the near to mid infrared wavelengths. They have 
been successfully used in the Hubble Space Telescope and are part of the James Webb Space Telescope (JWST).1-3 Single 
photon sensitive HgCdTe avalanche photodiode (APD) arrays with nanoseconds response times have recently been 
developed as detectors in lidar receivers.4-11 NASA Goddard Space Flight Center (GSFC) has been working with Leonardo 
DRS Electro-Optical Infrared Systems to develop HgCeTe APD arrays for space lidar recevivers, in work supported by 
by the NASA Earth Science Technology Office (ESTO). DRS has successfully produced two types of HgCdTe APD focal 
plane arrays (FPA), a 4x4 pixel HgCdTe APD array for trace gas lidar measurements12,13 and a 2x8 pixel linear mode 
photon counting (LMPC) HgCdTe APD array for swath mapping of surface elevation and atmospheric backscatter 
measurements.14,15 These new lidar detectors have nearly photon sensitivity and a >90% quantum efficiency from 0.9 to 
4.3 µ m, which enables new classes of airborne and space-based lidar for Earth and planetary science investigations, not 
only for range measurements but also for spectroscopic absorption measurements.  

In order to use these HgCdTe APD arrays in space, the potential for radiation damage from the space environment must 
be assessed.  HgCdTe photodiode arrays have been tested for radiation damage and showed little impact from radiation 
damage expected for the JWST mission.16-23 The only degradation found was a slight decrease in the responsivity and a 
slight increase in dark current. HgCdTe APD arrays are relative new and no data on the radiation damage are available at 
present. We have conducted series of radiation tests on the HgCdTe APD arrays by DRS. Here, we will give a brief 
description of the HgCdTe APD arrays by DRS, the radiation exposure test setup, and the results. We will also give an 
estimate of the radiation damage of these devices in a typical Earth orbiting space environment and present an annealing 
technique that can be performed in orbit to mitigate the effects.  
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2.! HGCDTE APD ARRAYS BEING TESTED  
The HgCdTe APD arrays tested were developed by DRS using their high-density vertically-integrated-photodiode 
(HDVIP¤ ) technology. Its architecture is shown in Fig. 1. Each APD element was a p-around-n cylindrical photodiode 
formed around small via in the HgCdTe film on the silicon substrate.4-6 Each pixel consisted of four photodiodes connected 
in parallel. The same pixel structure was replicated into a either a 4x4 or a 2x8 pixel array. The devices had a cut-off 
wavelength of 4.3 µ m and a quantum efficiency of >90% from 0.9 µ m to the cut-off wavelength. The HgCdTe material 
used in both the 4x4 and 2x8 pixel devices were from the same growth process. We tested both types of the devices. The 
results from the 4x4 pixel devices should apply to the 2x8 pixel devices, and vice versa. Note that the HgCdTe APDs by 
DRS had a different device structure than other type of HgCdTe APDs by other groups.7-11 The results from our tests may 
not be directly applicable to other type HgCdTe APDs. 

The 4x4 pixel devices used a fanout array design in which the HgCdTe APD array was mounted on top of a silicon substrate 
and signals from each pixel were brought out to bond pads on the side. The HgCdTe APD array on the substrate and a 
siliocon read-out integrated circuit (ROIC) were mounted in close proximity on a ceramic chip carrier.12-13 The APD 
outputs were wire-bonded to the ROIC input. This approach had the advantage of independent APD array and ROIC 
development processes and flexibility in the integration and test of the two. For example, we could bypass the ROIC and 
directly measure the APD array outputs in radiation damage testing. The pixels were 80x80 µ m in size on an 80 µ m pitch. 
The array was surrounded by a perimeter guard ring that consisted of identical pixels biased to the same voltage but with 
the output terminals (cathodes of the diodes) grounded. The electrical bandwidth of the 4x4 pixel device was 7 MHz, 
which was designed to optimize the signal to noise ratio (SNR) for our CO2 lidar with 1 !s wide laser pulses.  

The 2x8 pixel array design was a higher bandwidth design whereby the pixels were vertically integrated with short 
interconnects to preamp inputs directly beneath the pixels.14-15 Because of the lower input stray capacitance of this design, 
the electrical bandwidth was much higher the noise was lower. The pixel size was 64x64 µ m on a 64 !m pitch. There was 
also a guard ring made of the same pixels like the other devices. The devices could detect single photon events and be used 
in linear mode photon counting applications. 

  

Figure 1. Schematic of the HDVIP¤  HgCdTe APD arrays by the Leonardo Electro-Optical Infrared Systems. 



 
 

 
 

3.! PROTON IRRADIATION O F 4X4 PIXEL HGCDTE A PD ARRAY WITHOUT ROIC   
3.1! Test setup  

The proton radiation damage tests were first performed on a bare 4x4 pixel HgCdTe APD fanout array without ROIC. The 
tests were conducted by personnel from the Infrared Radiation Effects Laboratory (IRREL), Air Force Research Lab 
(AFRL) at the Crocker Nuclear Laboratory (CNL), University of California, Davis, CA, on 28-29 November 2012. The 
HgCdTe APD array was housed in a low background noise liquid nitrogen Dewar similar to that used in other infrared 
focal plane array testing.20 The device was mounted at 45¡ from the proton beam direction and held at 80K during the test. 
The dark- and photo-currents were measured as a function of the APD bias voltage (i.e. I-V curves) using a picoampere 
meter. A blackbody radiation source and a narrow bandpass filter was used as the light source. For the responsivity 
measurement, a mechanical chopper was used to modulate the light source and a low noise transimpedance amplifier was 
used to measure the difference in the detector output with and without the light source being blocked by the chopper.  

The proton energy on the detector was set to 63 MeV. The proton beam cross section was 70 mm in diameter, which was 
much larger than the size of the detector. The proton flux during the irradiation was about 4x107 particles/s/cm2 (8.3 
rad(Si)/s). The HgCdTe APD array was grounded but not biased during the proton irradiation. The device was irradiated 
in several incremental steps to achieve  equivalent accumulated doses of 1, 2, 5, 10, 20, 30, 50, and 100 krad(Si), where 
1.0 krad(Si) is equivalent to 7.5x109 particles/cm2 fluence on the HgCdTe APD array. A full device characterization was 
performed over a range of APD bias voltages before and after each dose of the proton irradiation. A final measurement 
was performed after warming the device to room temperature overnight and cooled down again to 80K.  

The test devices were selected from the same batch as the devices DRS developed for NASA GSFC. The particular device 
for this test had a Cu and Hg-vacancy doping, which had smaller p-n junction diameter and higher gain than the Hg-
vacancy doped devices. The measurements were automated to measure the I-V curves of 4 of the 16 pixels, which had the 
lowest initial dark currents (<0.5 pA gain normalized dark current). The device was fully characterized at DRS prior to the 
proton irradiation test at CNL. The device was also characterized, annealed, and re-characterized back at DRS after the 
test at CNL. 

3.2! Test results of the 4x4 HgCdTe APD array without ROIC 

The dark currents from the four pixels vs. APD bias voltage were measured before irradiation and at all intermediate steps. 
The Dewar leakage current was in the order of 0.3 pA and became negligible compared to the dark current when the APD 
was biased >10 V. Figure 2 shows the results from one of the pixel with the APD biased at 12 V (gain>1000). It shows 
the dark current increased roughly linearly with the proton fluence by more than 100 time at 100 krad(Si). All four pixels 
showed similar behavior with the rate of the dark current increase varying from 2.8x10-22 to 1.3x10-21 A/protons/cm2 from 
pixel to pixel. The median value was 8.58x10-22 A/protons/cm2. 

 

Figure 2. Dark current vs. proton fluence of the HgCdTe APD, Pixel (3,4), at 12 V APD bias. 



 
 

 
 

The devices exhibited an unexpected anti-annealing behavior. The dark currents at 12 V APD bias increased by more than 
100 times after warming up to room temperature and cooled down again. All the four pixels measured had similar behavior. 
The dark currents remained nearly unchanged after storing the device at room temperature for 8 weeks using the same test 
setup by IRREL/AFRL. The device was sent back to DRS. The APD dark currents were measured again using the DRS 
test setup which confirmed the IRREL/AFRL measurement results. The device was then baked out at 100¡C for 72 hours. 
The dark currents of the four pixels which we monitored at CNL returned to the pre-irradiation levels. We found that the 
dark currents of all but one of the 16 pixels on annealed out after the bake out, with most of them returning to their pre-
irradiation levels.   

There appeared to be a slight degradation (<6%) in the photon-to-electron conversion efficiency under a fixed illumination 
level at APD biases of 0.05, 1, 3, and 5 V. Figure 3 shows the measurements from one pixel. All four pixels showed similar 
behavior. The APD gain and quantum efficiency were measured again back at DRS prior to the high temperature bake out. 
The results were compared with those from a control device on the same wafer. The APD gain and quantum efficiency 
were found unchanged within the measurement uncertainty. It was possible that the small degradation in the photon-to-
electron conversion efficiency observed by IRREL/AFRL during the test at CNL were annealed over the 2-3 months period 
after proton irradiation when DRS characterized the device.    

Figure 3. Photon-to-electron conversion efficiency vs. proton fluence of the HgCdTe APD, Pixel (3,4), at several APD bias. 

 

4.! PROTON IRRADIATION O F 4X4 PIXEL HGCDTE A PD ARRAY WITH ROIC  
4.1! Test setup  

During the week of 16 September 2013 a second proton radiation damage test was performed to the same 4x4 pixel 
HgCdTe APD array with the ROIC The test was conducted at the same test facility as the first test and used same test 
Dewar system but different data acquisition system. The device being tested had a Hg-vacancy doping. It was fully 
characterized at DRS before being delivered to IRREL/AFRL. With the presence of the ROIC, the APD currents were not 
directly measurable, as in the case of the fanout array. Instead, the outputs of the ROIC in its capacitive transimpedance 
preamplifier (CTIA) mode were used to measure the APD current. The outputs of the ROIC in resistive transimpedance 
amplifier (RTIA) mode were also monitored, though it was not sensitive enough to resolve changes in the APD output due 
to proton irradiation. The device was re-tested, annealed, and re-characterized back at DRS after the proton irradiation at 
CNL. 

The average proton flux was about 8.8x107 particles/s/cm2 (16.5 rad(Si)/s). The HgCdTe APD array was grounded but not 
biased during the proton irradiation. The device was irradiated up to 30 krad(Si) in several steps. A low proton flux test 
was also performed with the device fully powered and the APD biased to near its maximum gain. The proton flux was 
monitored to be 1300-13,000 particles/s, which was comparable to the maximum flux the detector would experience in a 
near Earth orbit. 



 
 

 
 

4.2! Test results of the 4x4 HgCdTe APD array with ROIC 

The APD dark currents were inferred from ROIC CTIA outputs in this case. The CTIA gain was calibrated before the test 
and it was found to be 2.4 µ V/electron, which was close to the designed feedback capacitance of the CTIA (63 pF, or 2.5 
µ V/electron)13. The output noise was about 0.25 mV, that corresponded 100 electrons, or about 0.01 pA APD current over 
the 1 ms integration time. The noise was further reduced by averaging a number of CTIA outputs. The ROIC operated in 
an integration and dump mode with a maximum output voltage was 2.0 V, which gave a linear dynamic range of 800,000 
electrons over 1 ms (0.13 nA).  

They APD dark currents from five pixels were measured at an APD bias of 10V up to 30 krad(Si). The dark currents rose 
linearly with proton fluence, similar to those shown in Fig. 2, but at rates ranging from 1x10-22 to 7x10-22 A/proton/cm2. 
The median value was 4.4x10-22 A/protons/cm2. The rate of dark current increase would be 4 times higher at 12 V APD 
bias voltage, or 1.8x10-21 A/protons/cm2, which was roughly two times the rate measured during the first proton test with 
a similar HgCdTe APD array but without the ROIC.  

The dark currents from these five pixels all increased by more than a factor of 10 and well beyond the linear dynamic 
range of the CTIA after warming up overnight and cooling down again. This confirmed the Òanti-annealingÓ effects seen 
in the first proton test. The test device was sent back to DRS and tested again. The APD dark currents were found to be 
largely unchanged after a 2.5 months period in storage at room temperature. The device was then baked out at 90¡C for 
72 hours and the dark currents measured again. Figure 4 shows the results.  As in the first test, the dark current returned to 
the pre-irradiation levels. 

 

Figure 4. Dark currents of the HgCdTe APD before and after a 30 rad(Si) proton irradiation. The dark currents returned to the 
pre-irradiation levels after a 72-hour 90¡C bake out. 

 

The APD responsivity was also monitored after each proton dose at CNL using a blackbody source at 0.05, 1.0, 2.5, 5.0, 
7.5, and 10 V APD bias. Figure 5 shows the median measurement results at 0.05 and 10 V APD bias. The responsivity at 
0.05 V APD bias gave a measure of the quantum efficiency since the APD gain at such a low bias level could be assumed 
as unity.13 The results at 10 V APD bias gave a measure of the product of the quantum efficiency, the APD gain, and the 
CTIA gain. These results showed the quantum efficiency decreased linearly with proton doses, by 18% at 30 krad(Si). The 
responsivity of the device at 10 V APD bias decreased by more than a factor of two but largely annealed after warming up 
to room temperature overnight. After factoring out the 18% change in the quantum efficiency, the product of the APD gain 
and CTIA gain was nearly unchanged after annealing. 

!"#$%!&

!"#$%!’

!"#$%!!

!"#$%!#

!"#$%#(

!"#$%#)

! ’ & * + , - ) ( !# !! !’ !& !* !+ !,

!"#
$%

&
’#

#(
)*

%
+,

-

./0(1%2’34(#

./0%1//23124156.574%1//23124156.574%1//23124156898:2;0



 
 

 
 

The post irradiation testing back at DRS showed that the quantum efficiency annealed and almost returned to the original 
level after a 2.5-month storage at room temperature. Baking the device at 90¡C for 72 hours completely restored the 
quantum efficiency and gain back to the pre-irradiation levels. 

Comparing results from the first proton irradiation testing, it was possible that the changes ascribed to  the HgCdTe APD 
quantum efficiency were caused by the ROIC. The CTIA gain was determined by the feedback capacitance, which could 
vary due to ionization of the insulation layer by the protons. The APD dark currents, on the other hand, increased linearly 
with proton fluence during both tests and jumped up by 10 to 100 times after the devices were warmed up to room 
temperature. The increase in the dark currents in the second test was probably as large as that from the first test but were 
obscured by the CTIA saturation. 

 
Figure 5. HgCdTe APD median responsivity vs. proton dose up to 30 rad(Si) at 0.05 V APD bias (left) and 10 V bias (right).  

The ROIC RTIA output noise levels were measured at each proton dose steps and no changes were observed. The APD 
bias was set to 0.05V in these measurements so that there was no contribution from the APD noise.  

The RTIA output noise levels were re-measured at DRS 2.5 months after the proton irradiation at 0.5 and 10 V APD bias. 
The noise measured at 0.5 V APD bias were similar to similar to those measured at CNL and unchanged from the pre-
irradiation level. The noise measured at 10 V APD bias showed the effect of the APD dark currents. Figure 6 shows the 
noise equivalent power (NEP) obtained by dividing the pixel output noise by the responsivity. The NEP from each pixel 
roughly followed the dark current shown in Fig. 4.  

Figure 6. NEPs of the HgCdTe APD before and after a 30 rad(Si) proton irradiation. The NEPs returned to the pre-irradiation 
levels after a 72-hour 90¡C bake out. 





 
 

 
 

proton irradiation back to the original levels for both of the devices. Figure 8 shows the dark count rates vs. threshold 
voltage for the Hg-vacancy doped devices before and after the proton irradiation and after a 3-hour 85¡C bake. It shows 
the radiation damage were isolated to a few pixels up to 10 krad(Si) while the devices were kept at 80K, but damage 
expanded to all pixels after warming up to room temperature. The damage largely disappeared after baking the device to 
85¡C for 3 hours.  

 

 

Figure 8. HgCdTe APD dark count rates vs. threshold before proton irradiation (top left), after 10 krad(Si) proton irradiation, 
after warming up to room temperature overnight, and after a 3-hour 85¡C bake. The data were from the Hg-vacancy doped 
devices, though the Cu-Hg doped device showed similar behavior. The measurements were taken with a universal counter 
with the device at 80K. 

 

The Hg-vacancy doped device was irradiated again by another 10 krad(Si) protons (total 20 krad(Si)) after it was fully 
annealed through 4.5 hours 85¡C bake. The dark count rate vs. threshold was measured at GSFC after a series of heating 
cycles back to confirm the annealing technique. The results are shown in Fig. 9. The detectorÕs annealing behavior was 
similar to that after the first 10 krad(Si) proton irradiation. Baking at 70¡C was found ineffective. The dark count rate did 
not completely return to the original level after the first 85¡C bake but eventually did after a total of 12 hours 85¡C bake.  

We also measured the APD responsivity in (V/W) and the APD gain using a pulsed laser before the proton irradiation and 
after the last high temperature baking. There were no measurable degradations after the tests. 
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