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ABSTRACT

Hybridized focal plane array (FPA) HgCdTe (MCT) sensors are the workhorse of high performance infrared
detectors covering a broad range of applications from space investigation to gas monitoring. Despite the
improvements in the performance of these sensors in the last decades, device failure due to the lattice
and thermal expansion mismatches between MCT and the Si readout circuit still affects the overall MCT
detector performance. In this work, we use in-situ dark-field X-ray microscopy (DFXM) to map the struc-
tural variations of a fully operable MCT sensor at temperatures down to 80 K. We report, for the first
time, on the nanoscale structural evolution over a large population of photodiodes at operating temper-
atures with high spatial and angular resolution. Our results show that lattice distortion and strain in
the MCT epilayer increases at lower temperatures. The FWHM values of the rocking curves reach up to
0.02° at 80 K, three times higher than the room temperature value. The thermal cycle results show that
the thermal effects are almost completely reversible and the measured strain is in the elastic regime.
We discuss the origin of the temperature-generated structural modifications using complementary finite

element modelling.

1. Introduction

HgCdTe (MCT) is today’s material of choice for developing high
performance infrared detectors. The tunable bandgap of MCT pro-
vides a wide spectrum of infrared (IR) detection from very short
wavelengths (1.5-2 wm) to mid (3-5 pwm) and long wavelengths
(8-12 wm). Thus the applications of MCT covers a broad range in-
cluding telecoms, gas monitoring, space investigation and astron-
omy. Continuous improvements in device performance have been
achieved and demonstrated over the last decades thanks to mate-
rial optimization and novel photodiode architectures [1,2]. Require-
ments for increased resolution recently led to the development of
large focal plane arrays (FPAs) with > 1 Megapixel having a pixel
size of 15 wm or less. Nevertheless, device failure in the form of
a few individual pixel deviations to nominal diode electro-optical
characteristics still impacts overall MCT detector yield and indus-
trialization [3].

Today, the physical origin of defective photodiodes is the core of
intense research. The investigation of epitaxial mismatch strain be-

tween the MCT layer and CdZnTe (CZT) substrate [4] is of particular
interest, as is the impact of the different processing steps through-
out device fabrication such as etching, ion implantation, surface
passivation, metallization and annealing [5,6]. Moreover, the ther-
mal mismatch between MCT and Si readout circuit in 2D FPAs is
another source of the defective photodiodes, since these sensors
typically operate at 80 K [7-10]. While material issues at the wafer
scale can be addressed through conventional techniques [11,12],
technological processes resulting in pixel failures require more lo-
calized probes. We recently employed Laue micro-diffraction to de-
termine localized strain fields in HgCdTe along the fabrication of
individual diodes [5] yet with a rather narrow field of view (one
or two pixels at most) and limited spatial resolution.

Here, we present an in-situ study of the structural variations in
a fully operable MCT IR sensor using Dark Field X-ray microscopy
(DFXM) at temperatures down to 80 K. Dark field X-ray microscopy
(DFXM) is a non-destructive, diffraction-based imaging technique
that allows mapping of strain and orientation in embedded crys-
tals with high spatial and angular resolution reaching up to 30 nm
and 0.001°, respectively [13-16]. High resolution coupled with the
large field of view (hundreds of microns) makes DFXM an ideal
tool to study defective photodiodes not only individually but also
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Fig. 1. Photo and the schematics of the device showing the different layers of the
overall design.

statistically at operating temperatures. We report, for the first time
to our knowledge, on the structural properties at the nanoscale
over a large population of photodiodes within a fully operable IR
detector device. Moreover, our results provide an unprecedented
demonstration of DFXM at cryogenic temperatures.

2. Experimental methods
2.1. Device fabrication

Backside illuminated HgCdTe midwave IR 640x512 FPA was
used in this study. HgCdTe was grown by liquid phase epitaxy on
lattice matched CdZnTe (111) substrate. N on P photodiodes were
formed by ion implantation with a 15 pm pixel pitch. Fig. 1 shows
schematics of the device. On the upper side part of the device,
one can see and array of photodiodes (640 x 512) with 15 wm
pixel size manufactured on HgCdTe (MCT) active layer grown on
a CdZnTe substrate. On the lower side, pixel biasing, readout and
multiplexing performed by a silicon Read Out Integrated Circuit
(ROIC) can be seen. These two parts of the device were coupled
(i.e. hybridized) with indium bumps so that each photodiode of the
MCT array is connected to a pixel of the silicon ROIC with a direct
injection input stage [17]. More details on the process are given
elsewhere [18]. Prior to DFXM the substrate was removed leading
to a 6 wm thick HgCdTe layer.

2.2. Dark field X-ray microscopy

All DFXM experiments were carried out at the beamline IDO1
of the European Synchrotron Radiation Facility (ESRF) [19]. X-rays
with 8 keV energy were selected from an undulator source us-
ing a double-bounce monochromator positioned at 34 m from the
source. The incident beam was focused on to an on-sample spot
size of 270 pwm (horizontal) x 240 pm (vertical) using a Be com-
pound refractive lens (CRL) transfocator. An X-ray objective CRL
comprising 55 parabolic Be lenslets was positioned at 95 mm
downstream of the sample. An Andor CMOS camera with 2560 x
2160 pixels with 6.5 wm pixel size situated at about 6 m from
the sample was used to collect the magnified dark field images.
The resulting spatial resolution is about 120 nm/px. The sample

was positioned such that the out of plane 333 Bragg reflection was
selected in horizontal scattering geometry (20 = 77.15°). The local
orientation of the sample was measured by tilting the sample in
41 steps over a 0.2° range. For rocking curve analyses, the sample
is tilted around the diffraction vector. The strain mapping was car-
ried out in the form of 6 — 26 radial scans over 0.4° in 41 steps. A
cryostat was used to perform in-situ cooling down to 80 K.. Cryo-
genic conditions on the sample were achieved using a cryo-arm
that held the sample under vacuum during the DFXM measure-
ments. This cryogenic sample environment system was designed
specifically for the beamline IDO1 to meet the ambitious require-
ments of mechanical stability. It can operate between 2K and room
temperature with typical ramp speeds of ~ 10 K/min in cooling
and heating modes.

2.3. Electro-optical characterization

The detector was characterized electro-optically before and af-
ter the DFXM experiments to validate the robustness of the results
and to detect any possible X-ray beam damage to the functional-
ity of the detector. In essence, the effect of radiation on these type
of detectors provides potentially important information for space
applications [20,21]. The electro-optical characterization comprises
two parts. The first part involves the electrical characterization of
the ROIC alone including reset voltage and its related RMS noise,
whereas the second part consists of an electro-optical character-
ization of the whole detector including photodiode current, RMS
noise, contrast, and sensitivity. Extracting the main characteristics
of the photodiode array is possible by subtracting the electrical
characteristics of the ROIC, which act as a reference point to the
electro-optical measurements.

ROIC pixel is composed of several functional blocks: the input
stage, the integration and reset node, and finally the multiplexer.
Note that the MCT photodiode array of the detector analyzed here
was split into 16 different variants during the manufacturing pro-
cess (i.e. Fig. 2(a)). The varying parameters are linked to the geom-
etry of the P-N junction.

3. Results
3.1. Electro-Optical characterization results

3.1.1. Array characterization pre DFXM experiment

We performed electro-optical measurements to fully character-
ize the detector prior to the DFXM experiment. The detector was
integrated into a cryostat, cooled by liquid nitrogen down to 78 K.
All the detector biases and logical chronograms to operate the de-
tector were set to their nominal values. Notably, the diodes bias
was 100 mV and the image frame rate of the detector was set to
19.4 Hz.

Amongst different measurements and results, four are pre-
sented and discussed here:

the mapping of the reset voltage of the ROIC

the mean photocurrent, I, (on each variant of the array) as a
function of photodiode voltage

the responsivity of the array in A/K (difference in current mea-
sured under homogeneous blackbody illumination at 20 and
30 °C; measured with numerical aperture F/4)

the excess noise of the photodiode array.

The last item is a calculation. ROIC RMS noise is quadratically
subtracted from total RMS noise measured under a specific IR flux.
The result is then divided by the theoretical RMS noise: oy, calcu-
lated from the photocurrent under the same flux oy, = ,/2qly,.



Table 1

Eletro-optical characterization results before and after the DFXM experiment.

Sample State ROIC reset voltage

Responsivity Dispersion

Excess Mean Noise

Before DFXM
After DFXM

3V+9mV
294V + 41.1 mV

13-41%
1.5-38%

1.026 + 0.12
0.976 + 0.146

3.1.2. Array characterization post DFXM experiment

The same measurements were carried out after the DFXM ex-
periment. Table 1 summarizes the overall electro-optical charac-
terization results before and after the DFXM experiment. Although
the mean reset voltage of ROIC was not dramatically affected, some
areas present high voltage variations due to the X-ray beam expo-
sure, resulting in a standard deviation of 41.1 mV (a factor of 4.6
compared to the first measurement). Nevertheless, the responsivity
mapping (Fig. 2(a) and (b)) shows no dramatic impact. The disper-
sion for the non-exposed region ranges from 1.6% to 3.8% depend-
ing on the given variant whereas dispersion values between 1.5%
to 3.1% are found for the exposed variants. Moreover, these values
are very similar to measurements before the experiment (Table 1).
There is no significant difference in dispersion values between ex-
posed and the non-exposed variants. This indicates that the photo-
diodes did not suffer from a major damage during X-ray exposure.

However, a focus on a specific area (Fig. 2(c)) clearly shows a
distinct pattern corresponding to the exposed area (Z2). To better
understand this observation, an analysis of the current-voltage (I-
V) characteristic is needed.

[-V characteristics of squares of 100 diodes in variants 4 (not
exposed to X-rays) and 9 (exposed) were analyzed. These areas
have the same technological variant implemented, thus they are
well suited for comparison. In the V9, the diodes are chosen at the
top left of the variant square at coordinates x, y (0.51, 1.6) mm,
thus in a highly exposed zone.

The mean I-V characteristics are presented in (Fig. 2(d)). It is
important to note that these values are calculated from the whole
array, thus statistically dominated by healthy pixels. A shift of
60mV is remarkably low in comparison to the unexposed regions
as seen in Fig. 2(d) (about 300mV). In V4, there is no significant
difference between the measurement before and after the DFXM
experiment. In contrast, the diodes in V9 were particularly im-
pacted with a mean I-V highly shifted towards lower voltages. This
behavior is the result of the shift of the reset voltage. Thus the
selected photodiodes in V9 are biased at a different voltage than
the other photodiodes. As a consequence their current is a few pA
higher, but due to the low standard deviation on a given area (typ-
ically 1.25 pA in V9) these diodes appear to have a different behav-
ior with an excess current and responsivity.

These measurements show that X-ray exposure has an impact
on the functionality of the whole detector. Yet this impact is ex-
clusively limited to the silicon ROIC, with a substantial degrada-
tion of one or some of the functional pixel blocks for the pix-
els in the exposed areas. The MCT layer seems to be particu-
larly robust to the X-ray flux during this experiment. To conclude,
the electro-optical characterizations validate the robustness of the
MCT layer for further orientation and strain characterization using
DFXM.

3.2. DEXM Results

3.2.1. Orientation maps and pixel by pixel analyses of Z1

Fig. 3(a) shows the DFXM experimental set up. The diffracted
beam is magnified onto a CCD located at about 6 m from the sam-
ple using an X ray objective. The diffraction set up was in horizon-
tal geometry. The field of view captured by the CCD was 495 pwm
x 260 pm.

Fig. 3(b) and (c) shows the optical micrograph and architec-
ture of the studied zone, Z1. The DFXM images were collected ~
150 wm above the square shown in these images.

Fig. 3(d), (e), and (f) show the reconstructed center of mass ori-
entation maps from the sample tilt (i.e. rocking curve) of Z1 at
300 K, 110 K, and 80 K respectively. These maps are generated
by stacking DFXM images together and fitting a Gaussian to the
individual rocking curves at each pixel of the CCD detector. All
images were pre-processed using a rotational noise-reducing filter
prior to the stacking. The reciprocal space information (6 and 20)
of each pixel in the CCD detector was then found by this Gaus-
sian fit. The center-of-mass plots (i.e. peak position) then repre-
sent the local orientation or strain around the centroid value of a
given scan. A detailed explanation to the generation of these maps
can be found elsewhere [22]. Exemplary rocking curves are pro-
vided in the Supp. Mat. The different implantation regions shown
in Fig. 3(c) are clearly visible in the orientation map. The 15 wm-
sized MCT pixels can be seen mostly on the high-6 side of the
rocking curve. There are some pixels that are oriented with a dif-
ference of about 0.01° compared to the rest of the pixels to both
sides of the rocking curve (the blue and yellow pixels). Looking
at the region right next to the square MCT pixels, one can see
round features that are of different mechanical contacts (shown by
the yellow arrows in Fig. 3(d)). These regions have higher angular
spread than the pixel counterparts.

Upon cooling down to 110 and 80 K, significant structural
changes are observed. The images show not only an overall in-
crease in the angular spread, but also local deterioration of the pix-
els and regions with round mechanical contacts (zones marked by
the yellow arrows in Fig. 3(d)). At first glance, the pixels in the
map taken at 100 K no longer have their square shapes. More-
over, their orientation is vastly different compared to the ambient
conditions. For instance, the saturated blue and yellow colors indi-
cate that the angular spread of the MCT pixels has reached more
than 0.07° between one pixel and its neighbour. While the alter-
nating high and low 6 orientation variations (blue and yellow) are
observed horizontally, one can observe vertical lines of the same
orientation across the images in Fig. 3(e), (f). Similar to the de-
terioration of the 15 pwm-sized pixels, the round features (shown
with yellow arrows in Fig. 3(d)) located at the left hand side of the
pixels show a completely different picture at lower temperatures
than at ambient temperature. The round features have almost van-
ished, and lower 6 (blue color) lines link the borders of this region.
These structural changes are further emphasized on cooling down
to 80 K. The full view of Z1 shows increased lattice distortions
across the field of view at lower temperatures. In order to see the
structural variations of the individual pixels, we conducted a pixel
by pixel analysis on the region Z1 of the sample. Fig. 4 shows the
results of this analysis. Fig. 4(a) and (c) shows the rocking curve
center of mass maps at 300 K and 80 K. The red symbols in these
images mark the points where we extracted the angular position of
a given pixel from its center. Fig. 4(b) shows the distribution of the
peak position of these points as a function of their pixel number
starting from the top left. Similarly, in Fig. 3(d) at 300 K, the pixels
show a positive 6 value around the nominal € value. The normal-
ized peak positions of these points are less than 0.01° from nomi-
nal(i.e. the red bars shown in the Fig. 4(b)). However, upon cooling
down to 80 K, the lattice distortion increases and gives rise to high
fluctuations of the peak position. These fluctuations are present to-
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Fig. 3. (a) DFXM experimental set up. The sample is illuminated by transfocator-collimated X-ray beam. The 333 Bragg reflection is probed in reflection geometry. The
angles w and 26 correspond to the tilt angles around the Q333 scattering vector of the MCT crystal. The X-ray objective CRL is placed along the diffracted beam to magnify
the projection of the diffracting MCT crystal. The far field CCD detector is at about 6 m from the sample. (b) Optical microscope image of the investigated area, (c) the
architecture of the same area in terms of implantation and contact. The yellow rectangle shows the regions studied with DFXM, z1. Reconstructed peak position maps of the
sample orientation at (d) 300 K (e) 110 K and (f) 80 K. The yellow arrows in (d) show the round-shaped mechanical contacts, which are found at the left side of the yellow
square in (c). The color scale is the same for all maps. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

ward both sides of the rocking curve (i.e. high and low 6). This
indicates that the distortions of the pixels have compressive and
tensile components from one pixel to another. Fig. 4(d) illustrates
the overall increase of the spread of the rocking curve at different
temperatures, showing the increase of the FWHM of these pixels
due to lattice distortions upon cooling.

3.2.2. Strain mapping on Z1 and Z2

Fig. 5(a-h) show the relative axial strain evolution of selected
regions R1 and R5, in Z2 at different temperatures.The studied re-
gions in Z2 correspond to two different variants of the IR detector.
R1 and R2 are located in the variant number 13 whereas R4 and R5
are in variant 9 (i.e. Fig. 2(b)). R3 is situated accross the border be-

tween these two variants. The strain maps were constructed from
the center of mass positions obtained by the 6-20 radial strain
scans. One can calculate the axial stress using Hooke’s law (see the
Supplementary document S1.) The measured strain is of the order
of a few 104,

In the area Z2, regardless of the region, most of the pixels of
the sensor are under compressive stresses of ~ 1-3 MPa acting on
them and the stress distribution is rather homogeneous at room
temperature. As the temperature is decreased, the overall stress
spread increases at all the regions of Z2. At 150 K individual pixels
start to have alternating stress states of tension and compression.
This effect becomes more prominent upon further decrements of
temperature. Looking at R1, some positively-strained zones that
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form at 150K gradually increase intensity as the temperature is
decreased down to 80K. Similar behaviour is observed for R5 as
well. Note that the measured strain in the 333 Bragg reflection re-
mains in the elastic regime (i.e. below the yield strength of MCT),
in accordance with the literature [11,23,24]. The overall strain lev-
els of Z2 are less than the strain measured at Z1 (not shown) by
~ 40 %. This observation is in agreement with a recent study that
shows the stress variations from the border of the detector to in-
terior parts [25].

To see the lattice distortions, we carried out rocking curve scans
of the same regions at same temperatures. Fig. 5(i) shows the
FWHM values extracted from these rocking curve scans in Z2 at
5 different temperatures. A careful analysis of the rocking curve
FWHM values marks a difference between variant 13 and 9. At
room temperature the FWHM values of R1 and R2 are below 7x
10-3 ° whereas R4 and R5 have higher FWHM values. The FWHM
value of R3 lies in between these regions. Upon cooling down,
structural modification occurs in such a way that the lattice dis-
tortions result in a fluctuation reflected on the FWHM values (i.e.
150 K). Further cooling restores the lattice distortion difference of
R1 and R2 over R4 and R5.

3.2.3. FWHM Analysis on detector variants

Fig. 6 shows the FWHM of the orientation of variant 10 and
variant 6 in Z3 (see Fig. 2(b)) at 300 K. We probed the entire
length of the two variants in Z3 by scanning the sensor over 11
steps. This way we were able to cover about 3 mm distance on the
sensor with 240 nm spatial resolution. Unlike the analyses done
on Z2, these FWHM values were extracted from the room temper-
ature measurements after a full temperature cycle comprising cool-
ing down to 80 K and heating back to room temperature. At a first
glance to Fig. 6, variant 10 shows less lattice distortion compared
to variant 6 manifested by ~ 2.5-3x 10~3 ° difference in FWHM.

Apart from the difference in FWHM values of the two variants,
Fig. 6 also reveals an interesting picture of the nature of the vari-

ants. There is a well-defined trend of FWHM as a function of posi-
tion within a given variant, where FWHM reaches a local minimum
around the mid point of each variant. Furthermore, FWHM values
increase towards the borders of the variants. This trend is valid
for both variant 10 and variant 6, of course with different offsets
due to the intrinsic differences of each variant. In this regard, we
can infer that the connection points of different variants have in-
creased strain and lattice distortion, whereas the distortion is mini-
mum towards the interior of the variants. Note that this result is in
accordance with the macroscopic strain state of the whole detec-
tor, where the strain values are higher towards the borders of the
detector compared to the interior [25]. This may indicate that the
P-N junctions result more homogeneous strain fields in the interior
of the variants regardless of their geometry (i.e. different variants).

3.2.4. Temperature cycle and reversibility on Z3

Fig. 7 shows the orientation maps of a full cooling cycle down
to 80 K of the middle part of the region Z3. At room temperature
(Fig. 7(a)), the orientation map shows similar angular spread to
what was observed in Z2, with slight changes due to the nature of
different variants. This indicates that the sensor has good structural
homogeneity. Upon cooling (i.e. the left column of Fig. 7) we ob-
serve a similar change to the other zones (Z1 and Z2). The overall
angular spread increases while some compression and tension re-
gions in coupled forms (high and low € manifested by red and blue
color) appear in the size of ~ 4 sensor pixels. We shall address
these features as doublets throughout the rest of the manuscript.
These doublets start appearing even at the temperatures between
290 and 200 K (not shown), and they increase in number upon
further cooling down. The number density of these doublets reach
up to 103 cm~2 at 80 K, similar to what was observed in Z1 and
Z2.

During this scan, we probed different regions in Z3 at each
temperature decrements and increments, and returned to the mid
point of Z3. This approach was chosen to scan a larger area of the
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sensor in a temperature cycle, while not overexposing the same
zone by the X-rays. The results shown in Fig. 7 show almost the
same zone within the field of view. Note that slight spatial shifts
(~ 100 pwm) occurred during the experiment due to the arm of the
cryo-stream.

Upon heating from 80 K to 140 K, no drastic changes are ob-
served in the angular spread. The overall FWHM decreases slowly
as the temperature is increased, yet the coupled compression and
tension regions remain the same. Starting from 140 to 170 K, a
drastic change in the overall angular spread is observed. Never-
theless, the coupled regions still exist. Upon further heating, those
doublets began to disappear, along with continuous decrease of the
angular spread. Finally, the system is fully recovered once the am-
bient temperature is reached after one temperature cycle.

4. Discussion

A clear picture now emerges of how the IR sensor responds to
the temperature changes. The global trend manifests a gradual in-
crease in the measured strain upon cooling down to 80 K. More-
over, the measured strain is reversible over a full cooling/heating
cycle from room temperature down to 80 K and the associated
stress is below 30 MPa, remaining in the elastic region [24,26]. The
coefficient of thermal expansion (CTE) difference between the ROIC
and the MCT adds up to the contraction of MCT yet the measured
strain still remains below the elastic limit. This observation is valid
over the entire volume that was measured, showing the homo-
geneity of the sensor across different variants (Fig. 5). Nevertheless,
slight differences in the FWHM values of the rocking curves were
observed from one variant to the other, which indicates the ef-
fect of differences in mechanical contacts on the MCT strain state.
Note that the FWHM increase (i.e. rocking curve peak broadening)
upon reducing the temperature is attributed to the elastic lattice
bending since the system fully recovered its initial FWHM after the
completion of one thermal cycle (see the Supplementary Material).

Although the structural homogeneity is preserved during the
thermal cycles, there are coupled compression and tension zones
manifesting higher intensity on the reconstructed maps (higher
misorientation and/or strain values) than the rest of the IR sen-
sor that spans 2 to 4 IR pixels. The formation of these doublets
is observed to be random upon cooling down. These features may
emerge even at 200 K and increase in number as the tempera-
ture is further reduced. Moreover, there is no evident orientation
relationship between these doublets and they are also reversible,
meaning that they vanish upon heating up to room temperature.

In order to understand the formation of these doublets on the
MCT pixels, one must consider the entire sensor. It is known that
the CTE between the ROIC and MCT adds up to the measured
strain, yet this is a rather homogeneous increase in the strain, un-
like the doublets. One can speculate these doublets appear due to
different mechanical contacts between the ROIC and the MCT, yet
all studied variants show the doublets regardless. So what could
be the reason for the emergence of the doublets? The answer may
lie in the In bumps that connect the MCT to the ROIC within the
epoxy matrix. It is known that In bumps with tetragonal crystal
structure are highly anisotropic in their thermomechanical behav-
ior [27-29]. Lebaudy et al. showed that the thermomechanical re-
sponse of IR detector can yield notable variations due to random
crystallographic orientations of the In bumps [30].

To study the effect of the orientations of In bumps on the strain
on the MCT, we calculated the relative displacement on the MCT
from the rocking curves, and compared it with the finite element
modelling (FEM) calculations. Fig. 8 shows a comparison of the rel-
ative displacement of the MCT layer at 80 K between experimental
and FEM results. The details of the parameters of the FEM analysis
are given elsewhere [30]. The experimental relative displacement
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Fig. 8. Relative displacement comparison between the DFXM experiment and finite
element modelling.

of the MCT was calculated using the normalized rocking curves by
the following relation:

Az =tan(A6) x 7.5um (1)

where A6 is the angular deviation from the center of mass of the
rocking curve and 7.5 pwm is the half distance of a given IR pixel
on the detector. Note that even though the average experimental
displacement within the field of view is about + 5 nm, locally the
displacement values reach more than 33 nm around the doublets.

In Fig. 8(b), the regions with high displacement corresponds to
the most unfavorable crystallographic orientation of tetragonal sin-
gle crystal In bumps at 80 K [27]. It was reported that In bumps
could be more in compression at 100 K depending on the In crys-
tallographic orientation [25]. Numerical results showing the effect
of orientation on the MCT strain state is shown in Supplemen-
tary Fig. 3. Even though our temperature cycle shows that these
doublets disappear upon heating back to room temperature, one
must conduct multiple temperature cycles to determine the reap-
pearances of these doublets, should they form in the same zones.
We speculate that these zones could lead to eventual cracks at the
MCT/ROIC interface, resulting in dead pixels that degrade the per-
formance of the IR sensor.

5. Conclusions

The present study investigated the nanoscale structural evolu-
tion over a large population of photodiodes down to operating
temperatures (80 K). The strain and orientation states of MCT pix-
els were studied comprehensively at various length scales using
DFXM. Our results show an increase in the axial strain upon cool-
ing. The measured stress was below 30 MPa, thus in the elastic
regime, and completely reversible through a full temperature cy-
cle. We showed, for the first time, the strain evolution of individual
pixels with quantitative statistical information over a 5 mm dis-
tance within an operable IR sensor. Moreover, this work presents
the first ever successful proof-of-concept study for DFEXM investi-
gations using cryogenic conditions. The post-DFXM electrical char-
acterization showed that the IR sensor was still operable. We com-
plemented our DFXM studies with FEM analyses to assess the na-
ture of the tension-compression doublets appearing below 200 K.
We argue that the anisotropic coefficient of thermal expansion of
In bumps results in the formation of these doublets due to ran-
dom crystallographic orientations of the In bumps beneath MCT
layer. We are aware that all our experimental observations of the
In bump - MCT interactions are indirect, even though supported by
FEM analyses. The experimental evidence of correlation between
In bumps’ orientation on the strain state of the MCT could po-
tentially be observed by DFXM by probing different Bragg peaks
of In and MCT. Our work in this direction is in progress. These
results illustrate the capabilities of DFXM in IR detector studies
and open up new avenues for further experiments in which sev-
eral thermal cycles can be applied along with an electrical field

to study operando. Our results are highly anticipated to improve
the IR sensor quality and functionality at real operation conditions,
which will allow for new insights on the strain state of the HgCdTe
layer of IR sensors and validate structural models.
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