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After the front-illuminated CCDs on board the X-ray telescope Chandra were damaged by radiation after
launch, it was decided to anneal them in an effort to remove the defects introduced by the irradiation. The
annealing led to an unexpected increase of the Charge Transfer Inefficiency (CTI). The performance degra-
dation is attributed to point defect interactions in the devices. Specifically, the annealing at 30 �C acti-
vated the diffusion of the main interstitial defect in the device, the carbon interstitial, which led to its
association with a substitutional impurity, ultimately resulting in a stable and electrically active defect
state. Because the formation reaction of this carbon interstitial and substitutional impurity associate is
diffusion limited, we recommend a higher upper bound for the annealing temperature and duration of
any future CCD anneals, that of �50 �C for one day or �60 �C for a week, to prevent further CTI increase.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

After the launch of the Chandra X-ray telescope in July 1999, its
silicon CCDs were damaged by irradiation, causing increased
Charge Transfer Inefficiency (CTI), from < 10�6 to 2 � 10�4 (at
�100 �C). In an effort to mitigate this damage, the CCDs were
annealed to +30 �C for a few hours (the operating temperature
being �100 �C). This operation resulted in a further 35% increase
of the CTI. This degradation of performance following an anneal
was referred to as ‘‘reverse annealing” in previous articles [1–3].
Now, more than 17 years later, another annealing of the device
may occur as a side-effect of contemplated efforts to remove
molecular contamination that has gradually accumulated on the
optical blocking filters suspended just above the detectors. The fil-
ters are in reasonably good thermal contact with the detectors, and
it is expected that warming the filters to remove contamination
would also warm the detectors. Since the initial annealing, the
CCD detectors have been exposed to additional radiation and hence
have accumulated new defects which could result in another
increase of the CTI if the detector temperature rises sufficiently.
The goals of the work reported here are therefore: (i) to critically
examine the hypothesis that the mechanism causing the ‘‘reverse
annealing” is the association of the carbon-interstitial with substi-
tutional impurities, resulting in electrically active defect states in
the bandgap of the material; and (ii) to recommend an appropriate
upper bound for the duration and temperature of future CCD
anneals.

2. Review of the proposed mechanism

The Advanced X-ray Imaging Spectrometer (ACIS) instrument
on the Chandra X-ray Observatory [4,5] contains buried channel
silicon CCDs of two kinds: front illuminated and back illuminated,
of which only the former were significantly damaged by exposure
to radiation. The characteristics of the CCDs are described in detail
elsewhere [6] and can be summarized as follows. The devices were
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fabricated on 100-mm p-type float zone silicon wafers of resistivity
of 7000 O�cm and therefore the background electrically active
impurity concentration is deduced to be lower than
3 � 1012 cm�3. This results in a depletion width of 50–70 lm. In
addition to eventual electrically active impurities, high purity
float-zone silicon contains carbon and oxygen at a 1015�16 cm�3

level. The CCDs have a buried channel which is obtained by an
implantation of phosphorus through an oxide layer with an energy
of 200 keV. After the various other processing steps and related
annealings are performed, the phosphorus profile is a few hun-
dreds of nanometers deep. In addition, the pixels have a trough,
a 2 lm wide enhancement in the buried channel doping that
makes the device more radiation hard [7–9]. The concentration
of phosphorus in the buried channel and in the trough, where
charges are collected and transfer after a light absorption event,
is in the range of 1016 cm�3. Therefore, in our analysis, we consider
defects comprising vacancies, interstitials and their associates with
carbon, oxygen and phosphorus.

Very detailed investigations [4,5,10] concluded that low energy
protons (‘‘soft” protons, with a kinetic energy in the hundreds of
keV) were responsible for the damage during first few weeks of
the flight, when detectors became exposed to soft protons during
the passages through the radiation belts. Once the cause of the
damage was identified, CCDs were moved out of the telescope focal
position into the protected area during each radiation belt passage.
That dramatically reduced the rate of damage accumulation (to
�2% a year) because population of soft protons is negligible outside
the radiation belts. This is compatible with penetration depth of
these particles. SRIM [11] was used to determine the ion range,
straggle and primary defects (vacancies and interstitials, for both
ionic and nuclear stopping regimes) generated in silicon by irradi-
ation of protons of different energies, as shown in Table 1. 100 keV
protons have an implantation depth of 860 nm in silicon, which is
comparable to the depth of the buried channel of the CCDs, while
protons of energies higher than 1 MeV will create most of their
damage farther inside the bulk of the wafer and should therefore
not alter the device performance as significantly. Protons of ener-
gies higher than 10 MeV can damage the front- and back-
illuminated CCDs equally, but the latter were shown not to be
affected by the initial radiation damage or, consequently, by the
reverse annealing. In addition, the frame store section, which is
shielded by 2.54 mm of gold coated aluminum, was not damaged.
This is consistent with low energy proton damage, which cannot
penetrate this metal shielding. All these considerations confirm
that low energy protons are the most likely to have introduced
defects that were involved in reverse annealing. This was con-
firmed by 100 keV proton irradiation experiments performed on
the ground with similar CCD devices [2] which yielded CTI changes
similar to observations on the annealed Chandra CCDs.

Irradiation damage creates Frenkel pairs, each pair consisting of
one interstitial and one vacancy. The pair can split, leaving behind
mono-vacancies and self-interstitials. Fig. 1 is a schematic of the
transformation, as a function of the temperature, of the various
defects observed in float-zone phosphorus-implanted silicon.

The mobility of defects at temperatures of interest can explain
annealing-induced increase in CTI. At �100 �C, the operational
Table 1
Ion range, straggle and primary defects (vacancies and interstitials, for both ionic and nucle
(calculated by SRIM).

Proton
energy

Ion range
(um)

Straggle
(nm)

Number of primary defects generated in the io
regime (cm�3/(ion�cm�2))

100 keV 0.86 82 4 � 104

1 MeV 16.6 514 4 � 103

10 MeV 714 14 � 103 3 � 102
temperature of the ACIS detectors in 1999, the mono-vacancies
and self-interstitials created are mobile and will diffuse in the
material until they form more energetically favorable complexes
with impurities, such as oxygen, phosphorus and carbon. The
resulting vacancy complexes (O-V, P-V and V-V) are present at
�100 �C and stable up to 300 �C, and therefore not affected by
annealing at +30 �C. The concentration of vacancy defects should
therefore remain unaffected by the annealing. They contribute
equally to the CTI before and after annealing and are not responsi-
ble for the additional performance degradation. In contrast, the
carbon interstitial (CI, the defect that forms from the association
of the self-interstitial and a carbon atom) has a high mobility at
the anneal temperature of +30 �C. For comparison, the ratio of dif-
fusivity of the donor-vacancy pair and the carbon interstitial at
+30 �C is 2 � 10�4, as shown in Eq. (1) [13,14].

DP�V

DCI
¼ 9:7� 10�4exp �0:93

KTð Þ
0:44 exp � 0:87

KT

� � ¼ 2� 10�4 ð1Þ

In addition, vacancy-impurity complexes do not react with
other impurities as much as the carbon interstitial, which, once
mobile, will diffuse until it forms the more stable CI-XS complexes
(with XS a substitutional impurity, which in the case of the Chandra
CCDs, is either phosphorus, oxygen or carbon) [15,16]. When the
carbon interstitial diffuses, the probability that it forms a complex
with an impurity XS is proportional to the product of the XS

concentration and the reaction capture cross-section. In the
buried channel, the active area, the highest concentration impu-
rity is phosphorus (peak concentration of 3 � 1016 cm�3 whereas
an upper bound for carbon and oxygen is 5 � 1015 cm�3).
Moreover, the capture cross-section of the formation of a
phosphorus complex is two to twelve times higher than for an
oxygen or carbon complex [16]. Therefore, the carbon interstitial
will form more complexes with phosphorus than with other
impurities.

We can conclude that the carbon interstitial (CI) travels rela-
tively rapidly at the annealing temperature to associate with a sub-
stitutional atom (XS), forming a (CI-XS) complex, whose defect state
has a different energy. In the case of the Chandra CCDs, the increase
in CTI can be explained by the relative position of the defect states
in the bandgap with respect to the Fermi energy, as is summarized
in Fig. 2. We can calculate the quasi-Fermi level in the detector by
approximating the number of injected carriers due to X-ray excita-
tion. A typical charge packet in the on-board CCD contains 100–
2500 electrons. In the following calculation, we will use the num-
ber of electrons in a packet generated by the X-ray calibration
source of the telescope at �100 �C: 1600 electrons. This will deter-
mine the carrier concentration inside the device and hence the
Fermi level position and the behavior of the different traps present
in the device. To estimate the charge profile distribution, we have
used profiles simulated in CCDs with a similar architecture [17].
The devices in the said simulation do not have a trough, but this
is the only main difference with the Chandra CCDs. The presence
of a trough is equivalent to having the width of a pixel shrunk to
the size of the trough. The simulated profiles are done in a
27 lm � 27 lm pixel, and the Chandra trough are 2 lm. This
ar stopping regimes) generated in silicon by irradiation of protons of different energies

nic stopping Number of primary defects generated in the nuclear stopping
regime (cm�3/(ion�cm�2))

1.5 � 105

5 � 104

5 � 103



Fig. 1. Schematic of the point defect changes in n-type float zone silicon as a function of the temperature. The mono-vacancies and the self-interstitials form complexes with
impurities at �200 �C. Then the vacancy associates are stable up to 300 �C, while the carbon interstitials will pair with a substitutional impurity at 30 �C until it out-anneals at
400 �C [12].

Fig. 2. Various defects present in the active region of the Chandra CCDs. The defects that contribute the most to the CTI are located below and close to the Fermi energy, which
explains why the conversion of CI into CI-XS increased the CTI.

C. Monmeyran et al. / Nuclear Instruments and Methods in Physics Research B 389–390 (2016) 23–27 25
means that a shrinking ratio of 13.5 is a good approximation: a
1600 electrons charge packet is equivalent to a 22,000 electrons
packet in the simulated CCDs, which corresponds to a carrier con-
centration of 3 � 1015 cm�3 and a quasi-Fermi level 0.13 eV below
the conduction band at �100 �C. Therefore, the defect state of the
carbon interstitial (EC �0.1 eV) is above the quasi-Fermi level and
its occupation (Fermi factor) is f = 8%. It follows that its emission
rate is much higher than its capture rate (Eq. (2), in which n, v,
r, NC, EF, ET, EC respectively denote the free carrier concentration,
the thermal speed of the carrier, the capture cross-section of the
defect, density of states of the conduction band, the (quasi)-
Fermi energy, the deep-state level and the level of the conduction
band). This means that most of the traps due to carbon interstitials
are empty and only a fraction of them contribute to a loss of charge
during the pixel-to-pixel charge transfer. This is not the case for
the CI-XS created in the annealing process; these have deeper states
than the quasi-Fermi level (for instance CI-PS has multiple meta-
stable states, respectively 0.23, 0.26, 0.32 and 0.38 eV below the
conduction band [18]). Even for the shallowest of the Ci-PS for
instance, the Fermi factor at �100 �C for a 1620 electron pulse is
0.998, an order of magnitude higher than for the donor level of
the carbon interstitial. Consequently, even if the number of traps
is the same before and after the reverse annealing, the effective
number of traps contributing to the capture of electrons is much
higher after the reverse annealing.

cn
en

¼ nvr
Ncvr exp � Ec�ET

kT

� � ¼ exp
EF � ET

kT

� �
ð2Þ
The vacancy-defects (P-V, O-V and V-V, which were detected in
the Chandra CCDs using a variation of DLTS [10]) do affect the CTI,
which is why the performance of the CCDs degraded after launch,
even before the annealing. However, due to their position in the
bandgap, these three defects have a different impact on the CTI.
In n-type phosphorus-doped float zone silicon, which constitutes
the buried channel, the defect with the highest concentration, is
the phosphorus-vacancy pair [19]. It is deep in the bandgap (EC
�0.44 eV). Consequently, its emission rate is small: its characteris-
tic time for emission is more than a second (to compare with the
pixel-to-pixel transfer rate, of 40 ls). As a result, the P-V states
are filled with electrons during radiation exposure, and do not
re-emit or capture additional charges during their transfer from
one column to the other (Indeed, the CCD operating temperature
was chosen in part to minimize the effect of radiation-induced P-
V centers on the CTI and the dark current). On the other hand,
the oxygen-vacancy (O-V) and the di-vacancy have defect states
respectively 0.18 eV and 0.23 eV below the conduction band, and
emission and capture rates fast enough (<ls) to interact with
charges during the pixel-to-pixel transfers (40 ls). They therefore
contribute to the Charge Transfer Inefficiency. In summary, most
of the vacancy-defects in the buried channel are P-V centers, which
have too low an emission rate to significantly affect the CTI. After
irradiation and before annealing, the CTI is due to the CI which
are only partially active and the V-V and O-V complex that are pre-
sent at smaller concentrations.

Only the CI-XS complexes are responsible for the increase of CTI
due to the reverse annealing and their formation is



Fig. 3. Schematic of the average distance between impurities and the diffusion
length of CI. The formation CI-XS happens when the diffusion length is of the same
order of magnitude as that of the average distance between X0

S .

Fig. 5. Maximal annealing duration versus annealing temperature to avoid diffu-
sion of the CI and the formation of CI-XS. The diffusion is blocked for annealing
durations and temperatures below the blue curve.
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diffusion-limited. A crucial assumption of this hypothesis is the
existence of a high concentration of sinks for the carbon intersti-
tials. This assumption is validated by the on-ground CCD irradia-
tion study reported by Grant et al. [2]. In these experiments, a
soft proton (i.e. with a kinetic energy in the hundred of keV) irra-
diation could replicate the increase of CTI with doses of 108 pro-
tons cm�2 [2], which is equivalent to an introduction of
1013 cm�3 interstitials, consistently with the estimate from the
Stopping and Range of Ions in Matter (SRIM) software (Table 1).
Therefore, the carbon-interstitial concentration CI (�1013 cm�3) is
indeed dilute compared to the concentration (1015�16 cm�3) of
the substitutional C or P impurities, confirming that post-anneal
CTI saturates due to the consumption of all the carbon interstitials
and not due to the consumption of the substitutional impurities.
Moreover, the CCDs have experienced a gradual defect build-up
over their 17 years lifetime, because of the radiation background
in space. This defect introduction (mostly O-V, P-V, V-V and CI, as
shown in Fig. 1) has resulted in an increase of the CTI of 2% per
year. Consequently, there are both enough sinks and carbon inter-
stitials in the material to fuel a significant reverse annealing,
should the temperature be raised.

The formation of the general CI-XS complex is limited by the dif-
fusion of the carbon interstitial, whose diffusivity is
DC1 ¼ 0:44exp �

0:87 eV kT
� �

cm2 S�1 [13]. Fig. 4 represents the dis-
tance travelled by diffusion by CI (defined by Eq. (4)) as a function
of annealing temperature for different annealing durations, as well
as the typical distance between background impurities and the
inter-atomic distance in a silicon crystal. Because for a diffusion-
limited reaction in the limit where the concentration of CI is small
compared to the concentration of XS, the formation of a CI-XS com-
plex saturates when the diffusion length is of the same order of
magnitude as that of the average distance between XS atoms as
shown in Fig. 3 and Eq. (3).

LD � ½Xs��1=3 ð3Þ
this figure can be used to determine an upper limit for the anneal-
ing duration and temperature to prevent the diffusion to a sink of a
certain concentration. It is consistent with the reverse annealing
observed on the ground, during which the CTI increased during a
few hours at +30 �C before saturating [2]. Indeed, for such an anneal,
the diffusion length of the carbon interstitial corresponds to the
distance between background impurities, as described by Eq. (3)
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Fig. 4. Diffusion length of the carbon interstitial as a function of the annealing
temperature, for various annealing durations. The average distance between
impurities in the CCDs (calculated to correspond to a concentration of
3 � 1016 cm�3, the maximal concentration of phosphorus in the buried channel. It
is also an upper bound for the background concentration of carbon and oxygen) and
the inter-atomic distance of silicon atoms are indicated.
and (4). As the diffusion distance gets closer to the lattice parame-
ter, this continuous model breaks down. The diffusion indeed
becomes a discreet random walk, where the carbon-interstitial
has a certain probability to hop from one site to another neighbor-
ing site. It means that the probability of even one jump of the CI is
low and that diffusion is effectively blocked. In order to prevent a
further increase of CTI, the annealing parameters should hence be
chosen to be in this ‘‘no-diffusion” regime. Fig. 5 shows the onset
of this regime as a function of annealing temperature, for instance
1 week at �60 �C or one day at �50 �C.

LD ¼
ffiffiffiffi
D

p
c1sannealing ð4Þ
3. Conclusion

In the seventeen years since the Chandra launch, the CCDs have
continued to be irradiated at a slow rate, with a CTI increase of
roughly 2%/year. The additional CTI is a sign that new defects have
been introduced in the CCDs, and that an anneal will result in fur-
ther degradation of the CTI, similarly to what happened in 1999.
The CTI increase was due to the diffusion limited reaction of carbon
interstitial with impurities in the material, which resulted in the
formation of more electrically active defects. To prevent such a ‘‘re-
verse annealing”, the diffusion of the carbon interstitial needs to be



C. Monmeyran et al. / Nuclear Instruments and Methods in Physics Research B 389–390 (2016) 23–27 27
prevented, which can be done by not exceeding the following con-
ditions: (i) a week long anneal at �60 �C or (ii) a one day anneal at
�50 �C.
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