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Why this talk?

• HST WFC3 IR extensively used for transit observations today

• WFC3 uses a Teledyne H1R detector array

• JWST’s 3 near-IR instruments (NIRCam, NIRSpec, FGS/NIRISS) 
use Teledyne H2RGs

• JWST will build on WFC3 experience vs. detectors

• To maximize the benefits, important to know…

- what is likely to be the same

- what is likely to be different, and

- areas where more study now can pay off in better science 
later
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What Is the Same?
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Same Basic Detector Architecture

HgCdTe detector 
layer converts light 
to integrated charge

Indium bumps 
connect HgCdTe 
layer to silicon 

readout integrated 
circuit (ROIC)

ROIC converts 
integrated charge 

to voltage

Light

Each pixel is a little photodiode
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FIG. 4. (a) Pixel contact structure; (b) Scanning Electron Microscope (SEM) image of a non-degraded pixel in NIRCam
detector C105; (c) SEM of degraded pixel in NIRCam detector C094.

B. Root Cause Determination

The DD-FRB finds that the detector degradation is caused by a design flaw in the barrier layer
of the pixel interconnect structure. The flawed barrier layer design makes the detectors vulnerable
to migration of indium from the indium bump interconnect into the detector structure, degrading its
performance.

The most obvious effect is the formation of an indium (In) gold (Au) intermetallic that is highly
visible in Scanning Electron Microscopy (SEM) images taken during destructive physical analysis.
The electrical data of degraded pixels reveal curved, “RC” shaped dark ramps that are indicative of
parasitic capacitance, reactance, and shunting in the HgCdTe side of the interconnect. Typically a
few hundred seconds after reset, true leakage currents become dominant. These effects cause pixels
to fail to meet operability requirements.

Fig. 4(a) shows a cross-section of the pixel contact structure design. In this sensor design, each
HgCdTe pixel is connected via the In bump to a source-follower amplifier in a silicon Read-Out
Integrated Circuit (ROIC). The critically important barrier layer is intended to prevent In bump
material from reacting with the Au pad and Au contact material such that it can not diffuse into the
HgCdTe detector material. Figs. 4(b) and 4(c) show cross-sectional micrographs obtained with SEM
of a non-degraded pixel from a 2.5 µm NIRCam detector array (C105) and a degraded pixel from
a 5 µm NIRCam detector array (C094). The cross-section of the pixel structure was generated by
destructive physical analysis (DPA) using a focused ion beam (FIB) to cut through a line of pixels in
the array. Fig. 4(c) shows the formation of an AuIn2 intermetallic as well as a crack in the left corner
of the pixel contact structure propagating into the HgCdTe detector. The intermetallic expands upon
formation and most likely created a pocket of stress in the pixel.

Fig. 5(a) shows a diagram depicting failure of the barrier layer. Poor sidewall coverage of the
layers over the step of the passivation layer or porosity of the barrier layer can allow In to inter-
diffuse with the Au contact and Au pad metals to create In-Au intermetallics. Fig. 5(b) illustrates
some potential degradation mechanisms; the intermetallic expansion may cause strain and lattice
dislocation damage to the HgCdTe and/or enable In to diffuse into the p+ HgCdTe of the implanted
junction layer. Apart from production of charge traps in the semiconductor band gap, dislocation
damage can also allow In or Au to diffuse more rapidly into the HgCdTe resulting in a dark current
performance degradation rate that can be non-linear and difficult to reliably estimate.

Fig. 6 shows the flow diagram of the degradation mechanisms.
A degraded detector pixel can be modeled by an electrical circuit (Fig. 7), which produces an

integration ramp signal with an “RC”-like curvature early in the ramp (see Fig. 3). More extensive
damage or indium diffusion will produce additional leakage currents through the photodiode. Al-
though this circuit model approximately captures the essential behavior of degraded pixels (an “RC”
at early times and leakage at later times), the actual circuit elements are far from ideal.

Formation of the In-Au intermetallic was confirmed by Energy Dispersive x-ray Spectroscopy
(EDS) to provide a direct measure of the elemental composition. Fig. 8(a) shows a SEM image of a
corner of another detector pixel in detector array C094 with a corresponding elemental map for Au,
In, and the barrier layer in Fig. 8(b). For these samples, the cross-section was prepared by cutting
through the sample with a wire saw followed by mechanical polishing. The data show the formation
of the In-Au intermetallic with a break in the barrier layer at the sidewall of the contact opening.
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Fig. 3.— This figure shows the H2RG’s source follower per detector architecture. The (a) photo-

diode in the HgCdTe detector layer is electrically connected to the ROIC using an indium bump.

Although the indium bump is not shown here, functionally it is located at (b). The pixel source

follower (c) is the first FET in the analog signal chain. Its output is multiplexed out on the column

bus. ACN is a consequence of the specific way that Teledyne implemented (d), the column bus

driver. This diagram shows the H2RG’s “unbuffered mode”, in which the column bus is electrically

connected to the output. When running in “buffered mode”, there is an additional output FET

that is not shown here. This figure closely follows Fig. 8 of Loose et al. (2003).

column buses are implemented. Fig. 3 does not show these details. The practical effect is that

the even and odd columns on each output each carry some uncorrelated 1/f noise that appears in

image data as ACN.

After the column buses, the signal is fed either directly to the output in “unbuffered mode”

or to the output source follower in “buffered mode”. NIRSpec runs in buffered mode. As such, the

output source follower adds additional 1/f . Unlike the pixel source follower, for which each pixel

has its own and the noise appears to be white in image space, 1/f noise from the output FET is

visible as 1/f banding in NG images.

At this point, the signal leaves the H2RG, passes through an interconnect cable, and into the

SIDECAR ASIC. From lab testing in the Goddard DCL, we know that the NIRSpec SIDECAR’s

noise is about 6 e− rms with the inputs shorted.

In addition to affecting the video signal, the SIDECARs also imprint noise through the bias

voltages that they provide. In NIRSpec, all H2RG biases are generated by the SIDECARs, and

testing in the DCL shows that these are dominated by 1/f noise, and moreover are highly sensitive

to ASIC temperature. Noise on the biases can imprint itself directly on image data via the DSUB

voltage or as picture frame noise by the VBIASGATE and VBIASPOWER bias voltages. (Rauscher

et al. 2013).

Although JWST NIRSpec provided the impetus for developing NG, the underlying noise model

At the individual pixel level, the 
ROIC is substantially the same

4



What Is Different?
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How pixels are arranged   WFC3 IR Readout Formats    58

Figure 5.17:  Schematic layout of the WFC3 IR detector. The long (red) and short
(blue) arrows indicate the direction of the fast and slow multiplexer clocking,
respectively. In contrast to CCD “bucket-brigade” image-shifting to the output
amplifier, the IR detector pixels are selected for readout in a raster pattern by mul-
tiplexer circuits.  

A major effort has been made to eliminate both the amplifier glow and bias drifts

that have affected the NICMOS detectors. 

To eliminate the amplifier glow entirely, WFC3 uses external amplifiers located in

the immediate vicinity of the detector, rather than those directly on the multiplexer

(which are also present, but are not activated in the WFC3 implementation). 

In regard to bias drifts, the WFC3 IR class of detectors is the first to use reference

pixels, configured as follows (see Figure 5.18). Of the 1024u1024 pixels, only the

inner 1014u1014 pixels are light-sensitive. The five outer rows and columns of pixels

all around the array use fixed capacitances to provide constant-voltage reference

values. There are actually two types of reference pixels: (1) the pixels on the

outermost columns/rows are connected to capacitors located outside of the unit cells.

Their values follow a 4× periodic pattern, providing 4 sequentially increasing voltage

levels all within the range of the detector output signal; (2) the 4 inner rows/columns

are instead connected to capacitors created within their unit cells. These on-board

capacitors are identical by design and all provide nearly the same reference signal. The

current version of the WFC3/IR data reduction pipeline uses only the inner reference

pixels, as they provide a more robust statistical estimate of the variable detector bias. 

The reference pixels track the low-frequency drift of the readout electronics and

efficiently remove the “pedestal” variations that affected, for example, NICMOS.

Analysis of ground test data has shown that the reference pixel signal is also sensitive

to the detector temperature and may therefore be used to assess the expected level of

dark current during an exposure, independently from a reading of the detector

temperature itself. Actual on-orbit experience indicates that detector temperature is

very stable.

Fast scan

Slow
 scan

1014 pix

1014 pix

• 5 pixel wide border of non-photosensitive 
reference pixels on all sides
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WFC3 has “quadrants”

• 4 pixel wide border of non-photosensitive 
reference pixels on all sides

JWST has “stripes”



Operating temperature relative to “knee” in dark current

• Semiconductor defects that 
are thermally activated in 
WFC3 “frozen out” in JWST

• JWST’s lower operating 
temperature should be 
beneficial

- Lower dark current

- Less persistence

- Better reciprocity
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Pertains to HgCdTe 
detector layer
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JWST is 
below the “knee”

WFC3 is above 
the “knee”

JWST operates 2.5 µm and 5 µm cutoff HgCdTe at T <~ 45 K. WFC3 
operates 1.7 µm cutoff HgCdTe at T ~ 145 K. WFC3 is significantly warmer 
with respect to the HgCdTe bandgap energy.



Old vs. new HgCdTe “barrier layer” design

• WFC3 detector has the same design flaw that 
caused “first” JWST detectors to degrade in ~2010

- WFC3 detector likely degraded somewhat 
between manufacture and launch

- Now stable. T ~ 145 K operating temperature 
halts degradation mechanism

• Practical effect is that many WFC3 pixels have a little 
parasitic capacitor in series that is not there in JWST
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FIG. 5. (a) Inadequate barrier layer coverage; (b) Potential degradation mechanisms.

FIG. 6. Degradation process in a pixel due to inadequate barrier layer.

FIG. 7. This electrical circuit model of a degraded pixel accounts for the “RC”-like curvature of dark ramps (see Fig. 3).
The red-highlighted components form in the HgCdTe immediately above the failed barrier layer. These cause the “RC”-like
shape. This simple model does not attempt to explain the degradation in the photodiode that causes enhanced leakage current.

Additional EDS data were taken on another pixel in detector C094 as well as the Process
Evaluation Chip (PEC) for C094. Fig. 9(a) shows the SEM and the x-ray analysis area (red box)
from the PEC and Fig. 9(b) shows the x-ray spectrum. Quantitative analysis of the weight percentage
of the volume measured shows that the In-Au compound is AuIn2.

Fig. 10 shows a SEM image and a backscatter electron image of a cross-section of a pixel in
detector array C094. Combined with EDS analysis on the different regions, the results show that
there is interdiffusion of both In and Au past the barrier layer with the formation of AuIn2 and AuIn
intermetallics that expand in volume.
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May see fewer “RC-type” pixels in JWST

• JWST should have less of these than WFC3 

• Practical effect is that for the same source 
brightness, one infers higher slope immediately 
after reset compared to later on 

• If this artifact is important, it would be beneficial to 
compare RC-pixel statistics for JWST and WFC3.



Readout electronics

• WFC3 uses a discrete electronics 
box. JWST uses Teledyne SIDECAR 
ASIC.

• SIDECARs have many advantages

- Physically small, low mass, low 
power dissipation, located close 
to detectors, very flexible 
programming, easy system 
engineering, etc…

• But, not necessarily higher 
performing in all areas. The controller 
can play a large role in determining 
how stable the system is

• More study might be desirable to 
understand…
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• How WFC3 bias stability 
compares to JWST 

• How WFC3 photometric stability 
compares to JWST



Summary

• In many ways, WFC3’s IR channel is a good indicator for what to expect with 
JWST

• There are some differences, most of which should be beneficial in JWST

- JWST’s lower operating temperature will freeze out charge traps that would 
affect WFC3. Benefits should include lower dark current, lower persistence, 
and better reciprocity

- JWST’s more recent HgCdTe process has lower defect density. The benefits 
are as described above

- JWST uses better indium barriers. The benefits should include fewer “RC-
type” pixels.

• One area where more study might be beneficial is stability. The detector 
electronics play a significant role in determining how stable a detector system is 
(v.s. bias drifts and photometry). JWST’s SIDECARs are completely different 
from WFC3’s Ball electronics

- Studies comparing the bias and photometric stability of WFC3 and JWST 
might be useful to informing data acquisition and calibration strategies for 
JWST.
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