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ABSTRACT 

We present the test results of science grade substrate-removed 4K×4K HgCdTe H4RG-15 NIR 1.7 μm and SWIR 2.5 
μm sensor chip assemblies (SCAs). Teledyne’s 4K×4K, 15 μm pixel pitch infrared array, which was developed for the 
era of Extremely Large Telescopes, is first being used in new instrumentation on existing telescopes.  We report the data 
on H4RG-15 arrays that have achieved science grade performance: very low dark current (<0.01 e-/pixel/sec), high 
quantum efficiency (70-90%), single CDS readout noise  of 18 e-, operability >97%, total crosstalk <1.5%, well capacity 
>70 ke-, and power dissipation less than 4 mW.  These SCAs are substrate-removed HgCdTe which simultaneously 
detect visible and infrared light, enabling spectrographs to use a single SCA for Visible-IR sensitivity. Larger focal plane 
arrays can be constructed by assembling mosaics of individual arrays.  

1. INTRODUCTION
Since the early 1980s, Teledyne Imaging Sensors (TIS) has been developing growth of Hg1-xCdxTe by molecular beam 
epitaxy (MBE) and has shown that high through-put, high yield, and highly reproducible HgCdTe double-heterostructure 
planar p-on-n devices can be grown by MBE for various infrared (IR) applications and systems1,5. Precise control over 
the doping profile and position of hetero-junctions as well as structural properties of Hg1-xCdxTe ternary alloy, which is 
required for high yield of state-of the-art detectors, is possible only by MBE. As a result, large quantities of focal plane 
arrays (FPAs) for scientific, commercial, space, and military applications have been developed, manufactured, and 
delivered in the past two decades.  The first generation of instruments for Extremely Large Telescopes (ELTs) will 
require large infrared 4Kx4K focal plane arrays covering the wavelength range from 0.4 μm – 5 μm2. The results 
presented here demonstrate a capability at Teledyne Imaging Sensors in producing state-of-the-art MBE HgCdTe 
infrared 4Kx4K substrate removed 15 micron pixel pitch arrays with unprecedented performance that meet and exceed 
the most demanding requirements of low-background astronomy, both from the ground and in space. The remarkable 
performance of these very large format MBE HgCdTe detector arrays will benefit tremendously the astronomy 
community. 

2. MBE HgCdTe 4Kx4K DETECTOR ARRAYS
A National Science Foundation (NSF) development grant running from 2010 to the present provided the vehicle for TIS 
to extend MBE “bandgap engineered”, double layer planar heterostructure (DLPH) architecture detector arrays to very 
large-format 4Kx4K, 15 micron pitch arrays 4. The program also produced the 4096x4096 readout integrated circuit 
(ROIC), the H4RG-15, for hybridization to our MBE HgCdTe detector material. H4RG-15 ROIC has reference rows and 
columns for common-mode noise rejection, guide window output – windowing with simultaneous science data 
acquisition of full array, and programmable window which may be read out at up to 5 MHz pixel rate for guiding. The 
readout is designed to allow interleaved readout of the guide window and the full frame science data. A selectable 
number of outputs (1, 4, 16, 32 or 64) and user-selectable scan directions provide complete flexibility in data acquisition. 
Built with modularity in mind – the array is near 4-side-buttable to allow assembly of large mosaics of 4096×4096 
H4RG modules, and fully compatible with the TIS SIDECAR™ ASIC Focal Plane Electronics. This readout meets and 
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often exceeds multiplexer requirements and is now in full production for ground-based astronomy applications. We show 
below test results for the focal plane arrays produced with mean dark currents below 0.01 e-/sec for VIS/NIR and 
VIS/SWIR material from 80 to 130K; single CDS noise of ~ 18 e- ; quantum efficiencies above 70% and nearest 
neighbor cross talk below 1.5%.  
 
2.1 Dark current and CDS noise 

TIS has demonstrated performance on 4K x 4K devices with dark current less than 0.01 e-/sec in a 940 second 
integration time. The dark current data shown in Figure 1 are for (a) and (b) substrate-removed NIR 1.79μm H4RG-15 
S/N 18315 at 110 K and, (c) and (d) are for substrate-removed SWIR 2.5μm H4RG-15 S/N 18575 at 80 K.  These are 
relatively insensitive over the temperature range from 80 to 110 K for NIR SCAs. The dark current floor is 
approximately 0.001 e-/sec for H4RG-15 1.7 μm below 110K. At higher temperatures, the theoretical-limiting diffusion 
dark current becomes dominant. It dominates for temperatures above ~ 130 K and increases about an order of magnitude 
for each 10 K increment in temperature. Temperature dependence of dark current for two H4RG-15 NIR SCAs in 110 
to130 K and one SWIR SCA at 80 K is shown in Figure 2. 
 

    
(a)                                                                  (b) 

    
(c)                                                                          (d) 

Figure 1. (a) Dark current map and (b) histograms for H4RG-15 1.7 μm S/N 18315 at 110K. Dark current map and (c) 
histograms for H4RG-15 2.5 μm S/N 18575 at 80K. Plots represent a median dark current less than 0.006 e-/second for both 
NIR and SWIR SCAs.  
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Figure 2. NIR 1.7 μm MBE HgCdTe dark current vs. temperature, over 99% of the pixels for H4RG-15 S/N 18315 and 98% 
for H4RG-15 S/N 18321 are below 0.05 e-/sec at 130K. For SWIR 2.5 μm H4RG-15 S/N 18575 over 98% are below 0.006 
e-/sec at 80K. 

 
2.5 μm MBE HgCdTe 4Kx4K H4RG-15 detector arrays were recently produced under NSF program. They are identical 
to the NIR SCAs except for the cut-off wavelength.  
 
The dark currents shown above are determined from standard test sequences consisting of five identical ramps, each 
involving a pixel-by-pixel reset sequence, followed by 88 frames sampled up-the-ramp (SUTR) as 22 groups of 4 
samples at ~5.57-second intervals with 4 additional dropped frames between the groups yielding a total of ~940 seconds 
integration time. The dark current is determined for 16 Megapixels using the horizontal and vertical reference pixels at 
the top and bottom and sides of the array to correct for DC drifts2. For these detectors, even after ~940 seconds, the 
typical ~18 e- accumulated charge due to dark current at 120K is on the order of the single CDS read noise. At lower 
temperatures, the charge accumulated is a small fraction of the CDS noise.  We accordingly took SUTR acquisitions to 
reduce the read noise to derive dark current histograms for the 5 individual ramps. To obtain accurate per pixel noise 
histograms over the entire 4Kx4K array, we conducted a number of tests involving 30 ramps, each of 4 frames following 
a pixel-by-pixel reset, a total integration time of ~22 seconds. CDS frames formed by subtracting the initial frames from 
the second frames are used to generate the 30 differences x 4096 x 4096 pixel cubes for which the standard deviation is 
the measured CDS read noise. Examples of single CDS noise map and histogram are shown in Figure 3.  
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(a)          (b) 
 

   

(c)          (d) 
 

Figure 3. (a) Map and (b) histogram of single CDS read noise for H4RG-15 1.7 μm S/N 18315 at 120K. (c) Map and (d) 
histogram of single CDS read noise for H4RG-15 2.5 μm S/N 18575 at 80K. 

 
2.2 Quantum efficiency (QE) 
 
The requirement specifies ≥ 50% QE for wavelengths between 0.4 and 1.0 μm, and ≥ 70% QE for wavelengths between 
1.0 and 5.0 μm. TIS has demonstrated performance that meets these requirements at all wavelengths. This demonstrates 
the excellent QE and uniformity achieved in production environment. Figure 4 shows QE gray-scale of H4RG-15 1.7 μm 
S/N 18315 with good uniformity and few clusters of bad pixels. The inset demonstrates mean QE >80% at 120 K, 
operability >99%, and sigma/mean = 9.6%. Similarly for H4RG-15 2.5 μm S/N 18575 with good uniformity. The inset 
demonstrates median QE >88% at 80K, operability >99%, and sigma/mean = 7.5%. 
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    (a)                                                                                (b) 
 

  

    (c)                                                                               (d) 
 

Figure 4. QE (a) Gray-scale map, and (b) histogram of H4RG-15 1.7 μm S/N 18315 with good uniformity across the array. 
Data was taken at 1230 nm at 120 K. The histogram of the same array shows the tight distribution with median QE at 
80.4%. QE (c) Gray-scale map, and (d) histogram of H4RG-15 2.5 μm S/N 18575 with good uniformity across the array. 
Data was taken at 1230 nm at 80K. The histogram of the same array shows the tight distribution with median QE at 88.1%. 

 
For detailed spectral measurements of the QE, we use process evaluation chips or PECs. PECs are processed on the same 
CdZnTe/HgCdTe detector layers as the 4Kx4K detector arrays and are diced out at completion of detector layer 
processing to evaluate the final quality of the detector array material. To evaluate the spectral response for substrate-
removed detectors, these PECs were diced out and tested. Figure 5 shows the QE spectral response obtained on (a) a NIR 
PEC taken from the same layer as H4RG-15 1.7 μm S/N 18315 at 120K, and (b) a SWIR PEC taken from the same layer 
as H4RG-15 2.5 μm S/N 18575 at 80K. The data shows excellent QE response from the visible to the NIR and SIWR  
cutoff wavelengths, 400 nm – 1700 nm, and 500 nm – 2500 nm respectively. 
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(b) 

 
Figure 5. Spectral QE measurements H4RG-15  (a) 1.7 μm S/N 18315 shows response across the entire region from 0.4 to 
1.7 microns at 120 K, and (b) 2.5 μm S/N 18575 at 80K. 

 
2.3 Trans-impedance Gain and Well Capacity 
 
We calculated the conversion gain using the photon transfer technique, which measures the slope of a plot of the noise 
squared versus mean signal. The photon transfer technique offers a simple, straightforward implementation and an 
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accuracy acceptable for ground-based observations3,6. We generated uniformly illuminated flat-field to remove any 
spatial variations. Varying the integration time achieved different flux levels. Figure 6 plots the resulting conversion gain 
as a function of input signal level for H4RG-15, (a) 1.7 μm S/N 18315 at 120K, and (b) SWIR 2.5 μm S/N 18575 at 
80K. 

 
(a)                                                                    (b) 

Figure 6. Measurements of conversion gain for H4RG-15 (a) 1.7 μm S/N 18315 at 120K and, (b) 2.5 μm S/N 18575 at 80K. 
 
The same data set obtained to measure the detector conversion gain also measures the detector response. Figure 7 plots 
the measured dynamic range (i.e., a full-well capacity of >70,000 e- for H4RG-15 (a) 1.7 μm S/N 18315 at 120K and, (b) 
2.5 μm S/N 18575 at 80K). 

 

        
(a)                                                                       (b) 

Figure 7. Measurement of well capacity for H4RG-15 (a) 1.7 μm S/N 18315 at 120K and, (b) 2.5 μm S/N 18575 at 80K . 
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Average CrossTalk = 1.1%

 

 

IPC of the H2RG an IPC of about 1% is expected between the 15 micron pixels of the H4RG-15 FPA. The IPC was 
determined using hot pixel data obtained from the dark current ramps.  In the future the IPC will  be measured using the 
single-pixel-reset technique like it is done on H2RG SCAs.   We used cosmic ray events to measure total cross talk. 

 

When cosmic rays pass through the detector material, numerous charge pairs are created along the path of the particle. 
This event deposits signal in a much tighter spatial pattern than could be created optically. If we choose events in which 
the cosmic ray passes through the center of the pixel, signals in the surrounding pixels provide a good measure of the 
cross talk. We used cosmic ray hits in dark ramp exposures to measure the total cross talk. These experiments were 
performed with substrate-removed 1.7 μm and 2.5 μm cutoff SCAs. Since the cosmic ray deposits a line of ionized 
charge as it passes through the pixel, the detector cutoff is irrelevant. In these dark frames and the histograms, cosmic ray 
events show up prominently. Their frequency falls off inversely with the count induced, with events above 8,000 ADU 
extremely rare. We bin these events into induced count bins and then screen to retain only those events where the four 
adjacent row/column pixel signals agree within some criterion — usually a factor of four. This criterion selects events in 
which the cosmic ray passes through very near the center of a pixel, producing balanced signals in adjacent pixels. The 
signals for the eight adjacent “tic-tac-toe” pixels are then each normalized to that of the central pixel. A suitable median 
averaging is then used to derive the charge cross talk. In practice, the charge estimates are relatively insensitive to the 
value and a 25% median appears optimum.  
Typical data for 189 events with charge in the 4,000 – 12,000 e- range are shown in Figure 8. Total cross talk analysis by 
cosmic ray hit data shows essentially identical results as those presented above; i.e., we find a nearest neighbor total 
cross talk below about 1.1% and indistinguishable from the noise in the corner neighbors confirming the theoretically 
expected cross talk. 

 

 
Figure 8. Cosmic ray induced cross talk in H4RG-15 1.7 μm S/N 18315 at 120K. 

 

 

2.5 H4RG-15 Packages 
 
Teledyne and GL Scientific have developed silicon carbide (SiC) for H4RG-15 packaging as SiC offers several distinct 
advantages over traditional packaging materials for infrared detectors such as molybdenum or visible detectors where 
Invar or aluminum nitride or aluminum oxide are used. SiC has a coefficient of thermal expansion which is closely 
matched to the silicon ROIC. Since the CdZnTe substrate is now routinely removed at TIS for HgCdTe FPAs, with SiC 
packaging there is no longer a need for the balanced composite structure, which makes the FPA packaging simpler. SiC 
is preferred relative to other candidate packaging materials, such as aluminum nitride, due to its superior machinability 
into more complex shapes. SiC offers high thermal conductivity for temperature control of the FPA, but it does so at a 
significantly lower mass than can be provided by a molybdenum package, a key advantage for space-based applications. 
The SiC H4RG-15 FPA package, as shown in figure 9, is fully modular. The SiC pedestal employs a 3-point pseudo-
kinematic mount with adjustable spacers/shims for attachment into a mosaic focal plane. The titanium mounting feet and 
copper/tungsten (Cu/W) spacer shims, which can also be manufactured in molybdenum, are attached to the SiC using 
threaded Invar inserts that are epoxied into the SiC pedestal. Other mechanical attachments to the SiC pedestal (e.g. 
thermal interface points, handling features and electrical connection features) are enabled using Invar inserts epoxied into 

2.4 Cross Talk 
 
Just like its predecessors and any other hybrid focal plane array with a source follower pixel architecture, the H4RG-15 
FPA is prone to inter-pixel capacitive (IPC) cross talk3. From basic geometric arguments using the well-characterized 
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the SiC pedestal. A wirebond printed circuit board (PCB) was designed to provide the interface from the H4RG-15 
ROIC bond pads to a set of two AirBorn connectors, as well as to provide adequate filtering of the bias lines and 
outgoing analog video signals. The H4RG-15 wirebond PCB employs one 81-pin and one 51-pin AirBorn connectors to 
route all signals necessary for the operation of the H4RG-15. All digital signals are routed through the 51-pin connector, 
all 64 outputs and biases are routed through the 81-pin connector. The total weight of a fully assembled H4RG-15 FPA is 
less than 130 grams. 
 

  
 

Figure 9. H4RG-15 SiC SCA Package. 
 
The arrangement of connectors on the FPA base plate allows easy access for instrument cabling. This arrangement also 
permits the SCA module cable to terminate at the FPA base plate with a bulkhead mount without the need for any 
intermediate cable or circuit board. This enhances the modularity of the SCAs and the overall reliability of the FPA 
assembly. 
 

3. CONCLUSION 
 
Teledyne Imaging Sensors is currently fabricating 4Kx4K H4RG-15 devices in a production environment and already 
optimized their detector growth recipe and substrate removal process to obtain high quantum efficiency, low noise, low 
dark current, and highly uniform devices from visible to infrared wavelengths. TIS also produced the H4RG-15 ROIC, a 
premiere multiplexer for the astronomy community providing low noise and ease of operation with a tremendous amount 
of operational flexibility. Teledyne Imaging Sensors, is now building the 4Kx4K, 15 microns pitch Focal Planes MBE 
HgCdTe detector arrays in full production since February 2015. The results obtained: dark current (<0.01 e-/pixel/sec), 
quantum efficiency (70-90%), single CDS readout noise ~18 e-,  operability >97%, total crosstalk <1.5%, well capacity 
>70 ke-, and power dissipation less than 4 mW show that the technology has demonstrated the capability of achieving the 
extremely difficult requirements of very large format focal plane array for astronomy applications. Table 1 below 
summarizes performance of these NIR and SWIR 4Kx4K H4RG-15 focal plane arrays.  
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Table 1.  SCA performance for NIR 1.7 μm and SWIR 2.5 μm 

Parameter 
Unit 

SCA 18315 SCA 18321 SCA 18575 
Comments 

NIR 1.7 μm NIR 1.7 μm SWIR 2.5 μm 

Array format (I) 4096 x 4096 4096 x 4096 4096 x 4096 Measured 

Read-out integrated circuit 
(ROIC) H4RG-15 H4RG-15 H4RG-15 Measured 

Power Dissipation (II) mW 3.04 3.53 3.01 Measured 

Detector Material HgCdTe HgCdTe HgCdTe Measured 

Detector Substrate CdZnTe, removed CdZnTe, removed CdZnTe, removed Measured 

Cutoff wavelength (50% of 
peak QE) μm 1.79 1.78 2.45 Measured 

Mean Quantum Efficiency (QE) 
at 800 nm % 55 65 60.5 Measured 

Mean Quantum Efficiency (QE) 
at 1,000 nm % 72 70 84.6 

spectral curve 
and AR coating 

witness  

Mean Quantum Efficiency (QE) 
at 1,230 nm % 80 70 88.1 Measured  

Mean Quantum Efficiency (QE) 
at 1,500 nm % 86 71 93.1 

spectral curve 
and AR coating 

witness  

Mean Quantum Efficiency (QE) 
at 2,000 nm % N/A N/A 85.2 Measured 

Median Dark current: 

e-/s 

0.023 @ 130K at 250 mV 

0.019 @ 120K at 250 mV 

0.006 @ 110K at 250 mV 

0.032 @ 120K at 350 mV 

0.047 @ 130K at 250 mV 

0.009 @ 120K at 250 mV 

0.008 @ 110K at 250 mV 

0.068 @ 120K at 500 mV 

 

Measured 
1.7μm: @ 0.25  and 0.35 V bias  
@ 110-130K 

2.5μm: @ 0.25 V bias        @ 
80K  

0.0055 @ 80K at 250 mV 

 

Median Readout Noise, 
correlated double sampling 
(CDS) at 100 kHz pixel readout 
rate 

e- 18.1 20.8 17.5 Measured 

Well Capacity at 0.25 and 0.35 
V bias e- 

≥ 61549 @250 mV 

≥ 79185 @350 mV 

≥ 68045 @250 mV 

≥ 90676@500 mV 
≥ 141376 @250 mV Measured 

Crosstalk (III) % 1.1 0.8 1.0 Measured 

Operability (IV)  % 97.4  97.2 93.5 Measured 

Cluster: 50 or more contiguous 
inoperable pixels  % 0.11 1.1 0.2 Measured 

SCA Flatness (V) μm 13.9 13.6 19.6 Measured 
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I. There are 4088 x 4088 pixels for light detection plus 4 rows and columns of reference pixels on each side for a total of 

4096 x 4096 
II. At 100 kHz pixel read-out rate, un-buffered, 32 outputs. Does not include external current source; power has to be 

optimized by the user with respect to the system in which the device is used 
III. Crosstalk includes optical (charge diffusion) and electrical (inter-pixel capacitance) components 
IV. A pixel is considered operable if QE ≥ 30% at 1500 nm, dark current ≤ 0.5 e-/sec for SWIR and ≤ 0.1 e-/sec for NIR , and 

single correlated double sample (CDS) noise is ≤35 e- 
V. Maximum variation (peak-to-valley) to best fit plane. Note: The flatness of each SCA was measured using white light 

interferometry and entire SCA surface was imaged and analyzed.  
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