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Abstract
Persistence is the remnant signal that plagues HgCdTe infrared detectors used for astronomy applications after a bright illu-
mination. Briefly, any perturbation on these detectors generates a nonlinear signal with higher amplitude than a dark current 
and lasts for hours. The traditional hypothesis used to explain this phenomenon is based on trapping/emission processes from 
deep-level defects in the space charge region (SCR) of the diode. Inspired by deep-level transient spectroscopy formalism, 
we have developed an analytical model describing the trap emission current from the SCR of the photodiode. We also take 
into account the intrinsic non-linearity of the source follower per detector ROIC architecture. Compared to data obtained on 
detectors built in-house at CEA-LETI, the model allows the estimation that a trap density on the order of the residual dop-
ing is enough to explain the persistence amplitude. A graded trap density in the SCR is in addition necessary to explain the 
persistence measurement as a function of the stress amplitude. Limits of the model are also underlined in the case of higher 
persistence amplitude. In this case, trap density should be close to the doping. This implies that N doping of the diode would 
be compensated, which is an extreme scenario out of the scope of this model.
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Introduction

For astronomy applications, the expected performance level 
of infrared (IR) detectors is extremely high. For the HgCdTe 
(MCT) industry, the quantum efficiency (> 80%), read-out 
noise (< 18e− ), and dark current ( < 0.01e−∕s at 100 K) is 
well controlled. However, one remaining characteristic lim-
its the scientific use of these detectors: the persistence. In 
the short term, previous images leave their imprint and pol-
lute the following images with time constants in the order 
of hours.

In the frame, the program  ALFA1 between ESA, the CEA-
LETI, the CEA-IRFU, and the industrial company, Lynred, a 
large action is ongoing for setting up in Europe large-scale 
HgCdTe focal plane arrays for IR astronomy applications. 
For this development, an improvement in the persistence 

criteria would be a crucial advantage compared to existing 
detectors. However, the technological steps responsible for 
this degradation are not known, and the physical mecha-
nisms involved are not well understood. In addition, there 
is no clear methodology to study this characteristic. In this 
context, this paper aims to develop an analytical model of 
persistence in order to provide a better understanding of 
the phenomenon, and to identify possible technological 
improvements for the next generation of ALFA detectors.

The model starts by considering the intrinsic non-lin-
earity of the source follower per detector (SFD) ROIC 
architecture. This architecture is used on all read-out 
circuits of hybridized MCT detectors designed for low-
flux astronomy applications. Then, the persistence model 
considers deep-level defects localized in the space charge 
region (SCR) of the diode. This explanation is based on 
the R. Smith  model2 that is widely accepted in the lit-
erature.3 Our contribution is to consider the behavior of 
the traps in the specific case of the MCT material, and to 
develop the analytical formalism associated with it. The 
deep-level defect formalism largely inspired this work. 
To test the model, we compare it to actual data obtained 
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on P/N, 2.1-µm cutoff wavelength, VGA format with the 
15-µm pixel pitch detectors built in-house at CEA-LETI.

Integration Mode Non‑Linearity

Before modeling the persistence signal, the intrinsic non-
linearity of the SFD integration mode must be considered. 
With the SFD architecture, the photo-generated charges 
are directly integrated in the low diode capacitance of 
the pixel. Indeed, it allows a high conversion gain from 
accumulated charges to the measured output voltage. The 
read noise is consequently very low, lower than 18e− on 
the LETI technology.4 This architecture also allows non-
destructive read-out over time. We refer to the term 'inte-
gration ramp' for this voltage sampling over time. The 
reset allows the evacuation of the accumulated charges to 
pass to the next acquisition.

However with a SFD pixel, we do not measure a current 
but instead a voltage change, due to a charge accumula-
tion in a non-linear capacitance. The diode capacitance 
depends on the depletion size of the SRC Wdep according 
to Eq. 1, that shrinks as charges are accumulated, and that 
the voltage on the pixel drops as shown in Eq. 2:

where Sdiode is the surface of the diode, � the dielectric per-
mittivity of the MCT, ND the doping, Vbi the built-in voltage, 
Vapp the initial voltage applied with the reset, and V the float-
ing voltage on the integration node. The doping of the abrupt 
P–N junction is supposed to be asymmetric with NA ≫ ND . 
Consequently, the depletion region is expended only in the 
N-type absorbing layer.

In the test detectors of this study, there is no additional 
nodal capacitance and the parasitic capacitance of the 
ROIC is reduced by design. This parasitic capacitance 
adds to the diode capacitance and its value is 4 fF.5,6 This 
is a main difference with ALFA detectors, on which there 
is an additional 20-fF fixed capacitance on the integration 
node.

The diode geometry of the 15 µm pitch pixel is not simple 
plane surface, the lateral sides must be considered.

Figure 1 shows a scheme of the cylindrical structure of 
the diode. Equation 3 expresses the SCR external surface 
expended in the N-type material. The upper side of the diode 
in the P region is not taken into account since the SRC does 
not extend to this region:

(1)Cdiode = Sdiode
�

Wdep

(2)Wdep =

√

2�

qND

[

Vbi −
(

V − Vapp

)]

The output voltage change of the pixel depends on its 
whole integration history.7 From the definition of the dif-
ferential capacitance of a diode, C =

dQ

dV
,8,9 the expression 

of the voltage change on the diode due to the integration 
of a current over time is defined in Eq. 4:

with I in Eq. 5  being the current that depends on the dark 
current Idark and the photonic current IΦ:

with n the ideality factor of the diode, k the Boltzman con-
stant, and T  the operating temperature.

To test the model, we illuminated a detector mounted 
in a cryostat with a black body surface at 50 °C through a 
very narrow field of view of F/21. The operating tempera-
ture was 100 K. The expected flux with these conditions is 
562ph∕s∕pix , corresponding to a current of 450e−∕s∕pix if 
the quantum efficiency is 80%. Figure 2 plots the integra-
tion ramp of a single pixel of the detector with red crosses. 
The best fit obtained with the model is plotted by the dark 
dashed line and this estimates a current of 455e−∕s∕pix 
and n = 1.06 . The initial model parameters are �imp , dimp , 
NA , ND , T = 100K , Idark = 10−2e−∕s , and Vapp = −400mV  . 
The only free parameters are the incident photonic current 
IΦ and the diode ideality factor n . We also compare the 
result of the model with a simple linear regression of the 
ramp with the expected pixel capacitance at the initial bias 
C = 17fF . Plotted by the blue line, the regression estimates 
a current of 450e−∕s∕pix and illustrates the non-linearity 
of the actual integration ramp.

(3)

Sdiode = �

(

Wdep +
Φimp

2

)2

+ 2�

(

Wdep +
Φimp

2

)

(

dimp +Wdep

)

(4)
dV

dt
=

I

C

(5)I = Idark

(

e
q(Vapp+V)

nkT − 1

)

− IΦ

Fig. 1  Semi-cylindrical diode geometry of a pixel.
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The criteria to validate the model were its ability to repro-
duce the non-linearity of the SFD integration ramp, not to 
estimate the incident flux with a high percentage of confi-
dence. For this purpose, other methods such as polynomial 
fit are usually used.

With these parameters, the SCR shrinks by a factor of 
30% and the pixel capacitance consequently changes by a 
factor of 20% during the integration.

Now that the non-linearity of the integrated signal due to 
the capacitance change is known, we can use the SFD model 
with a non-linear current corresponding to the persistence 
current. It will be possible to distinguish the contribution of 
the persistence current and the capacitance variation of the 
diode in the measured signal.

Persistence Signal Modeling

The first step of the model was to take into account the 
intrinsic non-linearity of the SFD pixel. Now, we can intro-
duce the non-linear persistence current integrated in this 
non-linear capacitance.

The persistence model is based on trapping/emission 
processes of deep-level defects located in the SCR. During 
the integration, the SCR shrinks due to the accumulation 
of electrons in the diode capacitance. Defects that are now 
located in the neutral region of the N-type absorbing layer 
can capture an electron. Applying the reset to pass to the 
next image enlarges the SCR and occupied traps are now 
exposed to an electrical field. They consequently emit their 
electrons to reach their equilibrium state. This electron emis-
sion corresponds to the persistence signal. This explanation 

is based on the R. Smith model.2 Let us now develop the 
associated analytical formalism. It is largely inspired by 
the deep-level transient spectroscopy (DLTS) formalism of 
Schröder 10.

A trap family is characterized by three parameters: its 
capture cross-section �n [ m2 ], its energy in the band gap 
ET0 [ eV  ], and its density NT [ m−3 ]. A hypothesis is that the 
emission cross-section of the traps is equal to their capture 
cross-section.10 Its emission en [ s−1 ] rate sums up all these 
properties, as expressed in Eq. 6:

with vth the thermal velocity of electrons in the material and 
Nc the state density in the conduction band.

In the space charge region, the electron and hole capture 
is null. Considering traps whose energy level is higher than 
the mid-gap, the hole emission can be neglected. Defects 
are electrons traps in the N-type material. The occupied trap 
density variation in the SCR dnT

dt
 is inversely proportional 

to the electron density variation in the conduction band dn
dt

 
according to Eq. 7:

Up to now, we described the behavior of single point 
defect, which generates a single energy level in the band 
gap. However, the DLTS technique applied on MCT can 
rarely  unambiguously attribute an energy and capture cross-
section to traps. Indeed, DLT spectra are usually quite broad 
and the energy associated with the trap would be higher 
than the band gap.11 Moreover, even if the signature of a 
single trap in a N/P short wave infrared (SWIR) photodiode 
could be estimated,11 the time constants used in DLTS is 
completely different when with persistence. Persistence time 
constants are indeed on the order of several hours, whereas 
DLTS scans a much faster trap response.

To explain the broad DLT spectra, either the capture 
cross-section of the traps depends on temperature,12 or this 
is the signature of spatially extended defects such as dis-
location.13,14 The silicon literature can also provide some 
perspective. The dominant theory to interpret these large 
spectra is to consider that an extended defect such as disloca-
tion will generate an energy distribution in the band gap.15,16 
Moreover, the MCT is a ternary semiconductor alloy. In an 
alloy, even a single point defect generates energy distribu-
tion, due to the introduced disorder and material compo-
sition fluctuation. Omling et al.17,18 show that a Gaussian 
distribution can explain the symmetric broadening of DLT 
spectra measured in semiconductor alloys.

Instead of the commonly used sum of exponential to fit 
the persistence  signal19–21 our model is based on this energy 
distribution. The capture cross-section of this trap distribution 

(6)en = �nvthNce
−

Ec−ET0

kT

(7)
dnT

dt
= −

dn

dt
= −ennT (t)

Fig. 2  Comparison of the integration ramp measured on a single pixel 
of a test detector by red crosses with the model in black dotted line. 
The blue line represents the integration of the same flux but in a con-
stant capacitance of 17 Ff (Color figure online).
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is probably also affected, but our model first focuses on the 
energy distribution.

To model the response of extended defects, the literature 
suggests the introduction of a disorder term, expressed as a 
ponderation Gaussian function. Equation 8 describes the occu-
pied trap density evolution with time:

with nT (0) the initial occupied trap density and g(E) the pon-
deration function, centered around the central energy level 
of the distribution ET0 and with a broadening �T:

Then, each energy level of the distribution now emits its 
electrons according to its own emission rate, as shown in 
Eq. 10:

When emitting their electrons, the trap distribution gener-
ates a current. The development below is adapted from Ref. 
10 .

The emission current is related to the total amount of 
charges emitted by traps as shown in Eq. 11:

with S the diode surface, W0 the initial SCR size, and W 
the SCR size variation with time. W0 is not neglected since 
only small biases are applied on our detector, − 900 mV at 
maximum.

The displacement current described in Eq. 12 is also pre-
sent due to the charge density in the SCR variation during the 
process. Indeed, traps occupied by electrons have an oppo-
site charge sign than the initial doping ND . Consequently, the 
electrical field in the SCR also changes due to this charge 
compensation:

Neglecting the dark current of the diode, the total current 
in Eq. 13 is equal to the sum of the emission current and the 
displacement current:

(8)nT (t) = nT (0)
∞∫
0

g(E)e−en(E)tdE

(9)g(E) =
1

�T

√

2�
e
−
(ET0−E)

2

2�2
T

(10)en(E) = �nvthNcexp

[

−
Ec − E

kT

]

(11)Ie(t) = qS
W∫
W0

dn

dt
dx = qSennT (t)

[

W −W0

]

(12)Id(t) = qS

W

∫
W0

dbT

dt

x

W
dx = −qSennT

[

W2 −W2
0

2W

]

(13)Itot = Ie + Id = qS

[

W −W0 −
W2 −W2

0

2W

]

ennT

Next, this current is integrated in the non-linear capaci-
tance of the SFD pixel. Its capacitance always changes due 
to the voltage variation in the pixel, but now also due to 
the charge density compensation in the SCR. Equation 14 
demonstrates that the SCR size depends on the ratio of the 
occupied trap density and the initial doping:

For a trap density on the order of 10% of the initial 
doping, the corresponding capacitance variation is 2%. 
However, for a higher trap density, the capacitance vari-
ation contribution to the persistence signal becomes less 
and less negligible.

A result of the model is presented on Fig.  3. For 
this simulation, the parameters are Vstress = −900mV  , 
�n = 10−17cm−2 , nT = 1014cm−3 , and ET0 = 0.32eV  . The 
black crosses represent the simulation for a single energy 
level in the band gap. It has a simple exponential behavior. 
When introducing the energy broadening, persistence now 
has a faster dynamic at the beginning of the integration 
and a slower one at the end, compared to the exponential 
dynamic.

This broadening does not impact on the persistence 
amplitude. Only the trap density and its ratio with the ini-
tial doping changes the persistence amplitude. However if 
the broadening is too large, the persistence signal does not 
reach the amplitude asymptote. The persistence amplitude 
seems to be low, but only because the integration time is 
too short compared to the persistence time constant.

(14)W =

√

2�
[

Vbi −
(

Vstress + V
)]

qND

√

1

1 −
nT

ND

Fig. 3  Persistence signal simulation for several energy distribution 
broadening σ_T. The framed inset at the lower right shows a zoom of 
the first seconds of the integration ramp.
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Comparison with Persistence Measurements 
and Limits

To compare the model, we measure persistence with the 
electrical stress procedure.22 It simply consists in changing 
the applied voltage on the diode through two resets at two 
different reset voltages. It has for its main impact to enlarge 
the SCR if the first reset polarizes the diode at 0 V and the 
second polarizes the diode in reverse. This protocol is simi-
lar to applying a reset after the integration of a flux, but it 
has the advantage of being sure that all the traps are filled 
before the measurement. It also enables the probing of a 
specific volume of the diode as a function of the applied 
voltage.23 

Figure 4 shows that the model can reproduce with a very 
low residual the non-linear shape of the persistence signal. 
The detector under test is referred to as  a second-genera-
tion technology detector. The fixed fitting parameters are 
Vstress = −900mV  and �n = 10−17cm−2 . The output parame-
ters are nT = 1.31014cm−3 , ET0 = 0.396eV and �T = 20meV . 
The gap of the absorbing material is Eg = 0.59eV  . The 
energy broadening is consequently only 3% of the band gap.

The persistence amplitude is 23mV  , and the model can 
estimates the necessary trap density to explain this ampli-
tude, nT = 1.31014cm−3 . It is on the order of the residual 
doping, which is the uncontrolled doping due to all the 
residual impurities in the material.

However, the estimation of the central energy of the dis-
tribution depends on the input capture cross-section. All we 
can say is that the couple ( �n , ET0 ) must satisfy the emission 

rate 1
en

= 900 ± 50s . Measurements of persistence as a func-
tion of temperature are required to estimate both the capture 
cross-section and the central energy of the distribution. The 
choice of the capture cross-section and central energy of the 
distribution have no impact on the distribution broadening 
�T . Moreover, the capture cross-section of the trap distribu-
tion is probably not a single value; it should also be a capture 
cross-section distribution. This consideration is important 
to improve the accuracy of the model,  but would not change 
our conclusions. A trap energy distribution can reproduce 
the non-linear shape of the persistence signal.

With the fitting parameters obtained on data at the stress 
amplitude of 900 mV, it is possible to run the model with the 
estimated trap density and energy level at other stress ampli-
tudes. To compare these estimations, we have also charac-
terized persistence on the same detector as a function of the 
stress amplitude. Figure 5 plots the persistence amplitude 
estimated by the model with trap density nT0 = 1.31014cm−3 
, and the measured persistence amplitude as a function of the 
stress amplitude. When the stress amplitude decreases, the 
expected persistence amplitude is lower than the measured 
persistence amplitude. Moreover, the evolution of the persis-
tence amplitude with the stress amplitude is not linear, and is 
different between the measurement and the model.

One solution to explain the differences between the data 
and the model is to consider a graded trap density in the 
SCR. The mean trap density necessary to reproduce the 
measured persistence amplitude with the model is repre-
sented by blue crosses on the figure. In the frame of the 
model, the trap density should be two times higher for 

Fig. 4  Comparison of a persistence integration ramp (dark crosses) 
and the best fit obtained with the model (dotted red line). The persis-
tence ramp comes from a single pixel of the second-generation tech-
nology detector. The stress amplitude is − 900 mV performed at the 
temperature of 100 K (Color figure online).

Fig. 5  Comparison of measured and simulated persistence amplitude 
as a function of the stress amplitude. The trap density and energy 
level obtained with the fitting at 900 mV are used to run the model at 
other stress amplitudes. The persistence amplitude estimated by the 
model is plotted with black triangles. The necessary trap density to 
explain the measurements is indicated on the right-hand scale and by 
blue crosses (Color figure online).
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the simulation at the stress amplitude of 100 mV than at 
900 mV.

This gradient of trap density could be explained by sur-
face traps or larger trap densities close to the junction of 
the diode. For lower stress amplitudes, their contribution 
would take a larger part in the persistence signal, whereas for 
higher stress amplitudes a larger SCR volume with a lower 
trap density has been probed.

The limits of the model are also investigated in the case of 
detectors with higher persistence amplitudes. Indeed, in our 
first-generation technology detector, the persistence ampli-
tude was ten times higher than in the second-generation 
ones. Figure 6 illustrates the persistence ramp of one pixel 
of the first-generation detectors and the best fit of the model. 
The initial parameters are similar to the ones used for Fig. 4 
except for the temperature T = 120K . We showed in a previ-
ous paper that the persistence amplitude does not depend on 
the temperature in this detector.22

The model can still interpolate the persistence ramp with 
low residuals. The central energy of the distribution for both 
detectors is very similar.

The necessary trap density to explain this high persistence 
amplitude is also very different from this first-generation 
detector. The trap density should be so high compared to the 
initial doping that the semiconductor would be in a compen-
sated regime. The physics of this regime are completely out 
of the scope of our model. We also tried to consider deep-
level defects located in the P region of the diode. Even if the 
trap density decreases with this consideration, the conclu-
sion is still the same. The trap density is very high compared 
to the initial doping. Consequently, a model based only on 
deep-level defects located in the SCR is incomplete as an 
explanation of the high persistence amplitude. Technological 

steps or other types of defects must be responsible of this 
high persistence amplitude.

Discussion

Considering the persistence models, including the present 
one, published in the literature, the initial hypothesis is that 
the persistence comes from trapping/emission processes due 
to defects located in the space charge region of the diode. 
However, the nature of the defects is different.

The persistence dynamic is faster than an exponential 
at the beginning of the integration and slower at the end 
of the measurement. A model with at least three exponen-
tials is necessary to obtain a fitting quality similar to the 
one obtained with the model described in this paper. In 
fact, persistence ramps are often fitted with a model based 
on a sum of exponentials in the literature,20 illustrated in 
Fig. 7. The interpretation is that each time constant associ-
ated with  an exponential is representative of a trap fam-
ily. These traps would generate discrete energy levels in the 
band gap. However, estimated time constants differ by an 
order of magnitude. This issue can be related to numerical 
issues more than to physical ones. Indeed, no deep-level 
defect characterization applied on MCT gives capture cross-
sections and energy levels associated with the time constants 
estimated with multi-exponential fitting. Moreover, adding 
another exponential term to the fit shifts the previous time 
constants, leading to different equivalent activation energies 
for the traps.

The model presented in this work is also based on emis-
sion processes of defects located on the SCR, but is con-
versely based on a single trap family that generates a broad 

Fig. 6  Model applied to estimate the trap density in the first-gener-
ation technology detector. The stress amplitude is −  900  mV per-
formed at the temperature of 120 K.

Fig. 7  Persistence measurement ramp compared with best fit obtained 
with models including one, two, or three exponentials.



5592 T. Le Goff et al.

1 3

energy distribution in the band gap. The theoretical behavior 
of traps in semiconductor alloys, spatially extended defects, 
and DLTS measurements on MCT found in the literature 
support this hypothesis.

On the other hand, the European Southern Observatory 
(ESO) detector group choose to fit the persistence ramp with 
a multi-exponential model, but whose time constants are 
fixed.24 Repeating the measurement at several temperatures, 
the trap density distribution in the time constant bins change, 
building the so-called ‘waterfall diagram’. They attribute the 
peak trap density time constant change with temperature to 
the presence of a single trap family. The trap family with a 
broad energy distribution developed in this model could be 
in agreement with the interpretation of the ESO team.

Conclusions

We have developed an analytical model based on semicon-
ductor physics to explain the phenomenon of persistence. 
This model is based on trapping/emission processes from 
a deep level located in the SCR of the pixel. Considering 
the special case of HgCdTe, these defects are more likely 
to generate an energy distribution in the band gap instead 
of a single level. The literature of defect characterization 
of HgCdTe and semiconductor alloy physics supports this 
hypothesis. When emitting their electrons, traps generate a 
current that is related to the total amount of charges and the 
charge density variation in the SCR. Occupied traps have an 
opposite charge sign to that of initial doping, thus compen-
sating the charge density in the SCR. This current is then 
integrated in the non-linear capacitance of the diode due to 
the specific integration strategy of the SFD architecture. The 
capacitance is non-linear due to the applied voltage variation 
on the diode and to the charge compensation of the SCR. To 
sum up, the persistence signal is the result of the integra-
tion of a non-linear current in a non-linear capacitance. The 
model requires the geometrical and doping parameters of the 
diode as fixed input values.

This model is then compared to persistence measure-
ments performed on two detectors, from first- and second-
generation technology. The model reproduces very well the 
non-linearity of the persistence signal. The required energy 
broadening is on the order of 3% of the band gap. The cap-
ture cross-section and the central energy of the distribution 
could not be estimated. Measurements at several tempera-
tures are required to estimate these two parameters. Their 
estimation would provide valuable information for operating 
a detector. Indeed, the optimal temperature for which the 
persistence time constant is very long compared to the inte-
gration time used in astronomy could be estimated.

For the second-generation detector, a trap density on the 
order of the residual doping is sufficient to explain the low 

persistence amplitude. Then, a graded trap density in the 
SCR with a higher trap density close to the junction is one 
explanation to reproduce the measured persistence ampli-
tude as a function of the stress amplitude.

However, the higher persistence amplitude measured on 
our first-generation detector is not explained by the model. 
The conclusion is that, on this detector, persistence comes 
from another type of defect in the pixel. For instance, we 
are working on how to take into account traps located at the 
interface between the absorbing layer and the passivation. 
This interface is indeed known to have large trap densities. 
The interesting point is that the large difference between 
the two technologies is only revealed by persistence char-
acterization. This remark indicates the relevance of persis-
tence characterization in a detector process line to probe the 
influence of technological steps that cannot be investigated 
by classical characterization techniques. However, a study 
on a larger number of samples is necessary to study the link 
between persistence and passivation-related defects.

The model describes the emission phase of the persis-
tence with the hypothesis that all the traps are filled before 
the stimulation. Another improvement would be to consider 
the capture phase of the electrons by the traps during an 
illumination. The procedure to characterize the capture rate 
of persistence could be similar to the electrical stress used 
in this work. The bias applied during the equilibrium phase 
should be a reverse bias, ensuring that all the traps in the 
SCR are empty, and that the stress would be to reverse bias 
the detector at a lower level.
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