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Abstract

Epitaxial grown thick layers (>100 |J.m) of high
resistivity silicon (Epi-Si) have been investigated as a possible
candidate of radiation hardened material for detectors for high-
energy physics. As grown Epi-Si layers contain high
concentration (up to 2-1012 cm'3) of deep levels compared with
that in standard high resistivity bulk Si. After irradiation of test
diodes by protons (Ep = 24 GeV) with a fluence of 1.5-10u

cm'2, no additional radiation induced deep traps have been
detected. A reasonable explanation is that there is a sink of
primary radiation induced defects (interstitial and vacancies),
possibly by as-grown defects, in epitaxial layers. The
"sinking" process, however, becomes non-effective at high
radiation fluences (1014 cm"2) due to saturation of epitaxial
defects by high concentration of radiation induced ones. As a
result, at neutron fluence of l-1014cm"2 the deep level spectrum
corresponds to well-known spectrum of radiation induced
defects in high resistivity bulk Si. The net effective
concentration in the space charge region equals to 3-1012 cm'3

after 3 months of room temperature storage and reveals similar
annealing behavior for epitaxial as compared to bulk silicon.

I. INTRODUCTION

One of the possible attempts to increase the range of
operational fluences of semiconductor detectors constructed
for experiments on larger colliders is related with application
of silicon with an initial content of specific residual impurities
and/or lattice defects. The basic idea of this approach is that
the defects may act as a sinks for radiation induced defects or
to provide site to passivate radiation induced defects. Many
experimental data on radiation hardness of the bulk high
resistivity silicon [1-3] do not show a good correlation
between the parameters of silicon and the radiation hardness of
detectors. One of the recent attempt is to use an epitaxial
grown silicon (Epi-Si) as a starting material for detector
manufacturing [4-6]. The existing
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technology of epitaxial grown silicon allows one to produce
moderate high resistivity silicon layers of hundreds

micrometers of thickness that can be used as a starting material
for manufacturing of position sensitive (strip and pixel)
detectors for high energy physics applications. At the same
time the Epi-Si layer as usual contains specific epitaxial grown
defects (Epi-defects) which could cause gettering effect
(gettering of other defects, including radiation-induced
defects). The other aspect of epitaxial layer application is the
decrease of the bias that is necessary for detector full
depletion due to its smaller thickness that can be controlled by
processing technology.

The goal of this study is to investigate silicon
detectors made of thick Epi-Si layers as candidates for
radiation hardened detectors. Two aspects of radiation
hardness will be examined: the radiation induced defects in as-
irradiated detectors, and the long term instability of radiation
induced defects, namely the reverse annealing effect of
effective doping concentration or full depletion voltage. In the
study the detectors are compared with the detectors from bulk
silicon irradiated at similar proton or neutron fluences.

II. EXPERIMENTAL DETECTORS AND

MEASUREMENT TECHNIQUE

Epi-Si layers were grown on the substrate wafers
from low resistivity (1 Q-cm) CZ Si with a thickness of 550-
600 urn. Epi-Si layers of n- as well as p-type conductivity have
been grown. The resistivity (p) of n-type layers is about 1-2
kQ-cm, with a thickness of 100 or 150 urn (processed by
ITME), and that of p-layers is about 500 Q-cm, with a
thickness of 150 or 200 urn (processed by MACOM, USA).
The parameters of detectors used in the study are listed in the
Table I. For investigation of microscopic defects in as-grown
epitaxial layers and at low irradiation fluences, detectors were
manufactured as beveled etched Shottky diodes with metal
contacts (Fig. 1) to minimize the interference from thermal
defects. The two planar detectors from n-type Epi-Si (C142-C-
A33 and C142-C-A34) were studied after high fluence
irradiation. Additionally, irradiated detectors from bulk n-type
silicon with p of 2 kQ-cm produced by Polovodice, Czech
Republic and p of 4-6 kQ-cm produced by BNL, USA, were
used in the investigation of radiation hardness as reference
detectors.



The measurement techniques applied in the study are
listed as the following:
- Capacitance and current-Voltage measurements (C-V and
I-V) [7];
- Transient Current Technique (TCT) [8];
- Capacitance Deep Level Transient Spectroscopy (C-DLTS)
in the range of T = 77 to 300 K [9];
- Current Deep Level Transient Spectroscopy (I-DLTS) in

the range T = 10 to 300 K [10].
C-DLTS measurements were carried out for non-

irradiated detectors and detectors irradiated to low proton
fluences, while I-DLTS technique was used for detectors
irradiated to high fluence of neutrons.

Table I. Detectors used in the study

detectors. The operation bias range for all the detectors is
about 400 volts that is enough for all available applications.

Detectors under study (Shottky diodes)
Detector*

121-B-6
I21-P-B-12
I31-P-B-12
121-B-9
I21-P-B-15
I31-P-B-14
C142-C-A3-3
C142-O-A3-4

Epi-layer

Type
n
P
p
n
P
P

n("p")
n("p")

Thickness [urn]
150
150
200
150
150
200
100
100

Fluence
rcm-21

0
0
0

1.50E+11
1.50E+11
1.50E+11
1.00E+14
1.00E+14

Radiation

no
no
no

protons
protons
protons

neutrons
neutrons

Note: "p" - after type inversion under irradiation
Energy of protons Ep=24GeV
Energy of neutrons En=1 MeV

C142-C-A3-3.4 are planar detectors

Reference detectors (bulk Si, 2kOhm-cm)
Detector #

Planar det.
P88-S-A-3-11
P81-C-A3-17

Material

Type
n

n("p")

Thickness, [um]
277
300

Fluence

1.50E+11
1.00E+14

Ftadiation

protons
neutrons

SHOTTKE^ CONTACT

Epi-Si

Substrate

Back contact

Figure 1. Schematic of a Shottky diode made of Epi-Si.

HI. EXPERIMENTAL RESULT

A. As-processed Detectors
I-V characteristics of non-irradiated detectors from n

and p-type Epi-Si are shown in Fig. 2. The near saturated
parts of I-V curves (50 to 400 volts) are attributed to the bulk-
generated currents and correlate with the thickness of the
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Figure 2. I-V characteristics for non-irradiated Epi-Si detectors

The spectrum of deep levels in as-grown Epi-Si (n)
measured with injection of electrons (for electron trap filling)
is presented in Fig. 3. Three deep levels were found to be
electron traps. The concentrations determined from the
heights of DLTS peaks have a maximum of 1.5 10u cm'3 for
the trap E3 (Table II). For identification of the defect nature
the measured spectrum was compared with the spectra for
silicon diodes treated at high temperature [11]. The deep
levels El and E3 are similar to thermal induced defects which
were occasionally detected in bulk. silicon after high
temperthermal oxidation at T > 1000°C. Spectra of deep levels
in p-type Epi-Si measured with holes and electron injections
(Fig. 4) involve four hole traps HI to H4 and an electron trap
E l l . The hole trap H2 shows a maximum

1 SO 200

T e ni p e ra ture . K

Figure 3. C-DLTS spectrum electron traps for an as-grown Epi-Si
detector (n-type)
concentration of -3101 2 cm"3 which increases non-linearly
with epitaxial layer thickness. From practical point of wiew it
is important to know that this trap level were detected with
both hole and electron injection modes, which indicates its
high efficiency for hole and electron trapping and therefore a



good generation center of the reverse current. This conclusion
is reconfirmed by its equal trapping crossections for both type
of carriers (Table 2).
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Figure 4. C-DLTS spectra for an as-grown Epi-Si detector (p-type)

Table II. Parameters of deep levels in as-grown, non-
irradiated Epi-Si detectors. Hole DLTS spectra were not
shown.

Epi-Si layer
tvpe

n

P

P

d, Tumi
150

150

200

Deep level parameters
lable

E1
E2
E3
H1
H2
H3
E11
H1
H2
H3

E, reVI
Ec-0.29
Ec-0.33
Ec-0.52
Ev+0.18
Ev+0.26
Ev+0.20
Ec-0.27
Ev+0.18
Ev+0.26
Ev+0.20

siq, [cm21
3.20E-16
1.00E-17
9.50E-16

5.30E-15
1.00E-16

not determined
3.60E-16

5.30E-15
1.00E-16

not determined

N, fcm-31
2.40E+10
9.10E+10
1.50E+11
4.20E+10
2.10E+12
1.10E+11
6.90E+11
2.10E+10
2.90E+12
1.40E+11

B. Irradiated Detectors (Low Fluences)

In Fig. 5 C-DLTS spectrum for a n-type Epi-Si
detector irradiated at low proton fluence (Fp =1.5-10" cm"2) is
compared with a spectrum for a non-irradiated Epi-Si detector
and a spectrum for bulk Si detector irradiated to the same
fluence Fp. It can be seen that, for Epi-Si detectors, only deep
levels already existed in as-grown Epi-layer were detected in
the irradiated detector, and no deep levels were induced by
irradiation. For the irradiated bulk Si detector, however,
typical radiation induced defects, with deep levels El', E2\ E3'
listed in Table III (presumably the A-center, divacancies W" \
and W + E-center, respectively), are detected. Folloing to the
model on interaction between as grown and radiation induced
defects it is reasonable to expect the reduction of as-grown
defects after irradiation. In other words the concentration of
as-grown deep levels measured after irradiation should be
lower than initial one. The fact that, this Epi-Si detector, a
stable concentration of as-grown defects was observed in
experiment and that no detactable concentration of radition
induced defects was seen indicate the existance of additional

sinks for interstitials and vacancies. One possible candidate for
this additional sink effect is the bulk defects usually presented
in the epitaxial grown layers, which do not create any levels in
the forbidden gap of silicon.

In Fig. 6 I-DLTS spectra of the detectors from Epi
and bulk n-Si irradiated at high neutron fluence of MO14

n/cm'2, measured after 3.5 months of RTA (room temperature
anneal), are compared. The spectra are very similar, which is
possible only if the sinks for radiation-induced defects have
been saturated. It is a realistic consideration taking into
account that the fluence here is three orders of magnitute higer
than the one in prevous case. Some difference is observed in
the dominant peak in the range of T > 200K (DL #10, #11).
These peaks are usually attributed to be the composition of the
DLTS signals from single charged divacancies W and
vacancy related complexes Vn-0 and/or W in clusters [12].
Parameters of deep levels for Epi-Si detector are listed in the
Table IV. Note that deep level (DL11) with an activation
energy of Ea = 0.47 eV, which has the maximum amplitude,
is close to that of a hole trap Ev + 0.5 eV which was detected
by TCT in neutron irradiated silicon detectors from bulk
Si[12] and was thought partly responsible for the reverse
annealing of detector full depeltion voltage.

Table III. Parameters of deep levels in irradiated Epi-Si
detectors and bulk detectors. Hole DLTS spectra were not
shown.

Epi-Si layer
tvoe

n

n

thickness, fuml
150

Reference
detector,
bulk Si

Deep level parameters
lable
E1
E2
E3
H11

H21

EV
E21

E3'
H2'

E, reVl
Ec-0.29
EC-0.33
Ec-0.52
Ev+0.34
Ev+0.32
Ec-0.16
Ec-0.24
Ec-0.35
Ev+0.32

siq, Fcm21
3.20E-16
t.OOE-17
9.50E-16
1.10E-13
1.90E-16
9.50E-15
2.50E-15

1.70E-17
2.20E-16

N, rcm-31
2.00E+10
2.00E+10
5.60E+10
1.10E+11
7.60E+10
1.50E+11
4.00E+10
1.20E+11
1.60E+11

C. Elevated Temperature Annealing

Successive steps of elevated temperature annealing
(ETA) at T = 80° C were applied to stimulate the Neff changes.
TCT measurements charge collection efficiency for the
determination of full depletion voltage VFD [8] showed
significant increase of VFD for Epi-Si detectors after 1 to 2
hours of ETA followed by a saturation (Fig.7). Values of V r o

are defined by the intersections of the linear fits to the
increasing portion of the Q/Qo curves and the line Q/Qo =1. In

Fig. 8, the data on V^, for two Epi-Si detectors (C142-C-A3-
3, C142-C-A3-4) are compared with those for bulk silicon
656-123, P184-C-A3-3) irradiated to the same neutron
fluence. It can be easily seen that there is a significant
difference between the absolute values of VFD for epitaxial and
bulk detectors related with their different thickness.
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Figure 5. C-DLTS spectrum of lowly irradiated Epi-Si detector as
compared to those of a non-irradiated Epi-Si detector and an
irradiated bulk detector

The net increase in effective doping concentration Neff

(which is in fact the space charge concentration in the
depeltion region and is determined from detector thickness d

and V ro: Neff =2E£Q Vprj /(ed^)) during anneal are about the

same for Epi-Si and bulk silicon detectors (Fig. 8), indicating
similar reverse annealing behavior. Estimation of the value of
Neff after 3 months of RTA followed by 4 hours of ETA gives
a value of - 3-1012 cm'3 for both detectors. The total
concentration of Neff is lower than bulk value (which is in the

order of 6 to 8 xlO12 cm"3). This is probably due in part to the
fact that the initial resistivity of Epi-Si detectors is about five
times lower than that of standard bulk detectors. Another
factor that may be considered here is that there is a higher
concentration of oxygen in Epi-Si [6]. Hence, the difference in
the full depletion voltages may arise mainly from the various
thickness of the detectors from bulk and epitaxial silicon,
initial resistivity, and/or oxygen concentration.

Table IV Deep levels in a neutron irradiated Epi-Si detector #
C142-C-A3-3, <&„ = 1.03-1014 n/cm2; RTA (3.3 months).

ft 0.1
co
c
.5>
oj

CO

0.01

—°— epi n-Si
—-t— bulk n-Si

0 50 100 150 200 250 300

Temperature, K

Figure 6.1-DLTS spectra of highly irradiated Epi-Si and bulk
Si detectors

Ea

eV
o

1014

cm"2

1

0.026

0.12

2

0.062

0.12

3

0.081

8.1

4

0.135

7

6

0.17

2.5

9

0.37

21.0

10

0.42

16.0

11

0.47

6.0

8 10 12

Figure 7. Charge collection efficiencies of Epi-Si detector # C142-C-
A3-3,*n=1.03-1014n/cm2
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Figure 8. Reverse annealing behavior for Epi-Si and control detectors

IV. SUMMARY

1. Thick (>100 u.m) epitaxial high resistivity Si layers contain
significant concentration (up to 1012 cm'3) of defects with
deep levels compared with that in a standard high resistivity
bulk Si. 7.
2. Concentration of epitaxial defects increases non-linearly
with the thickness of as-grown layer.
3. Epitaxial defects act as sinks for radiation induced primary-
defects, which is evinced by significantly lower concentration
of radiation induced defects in epitaxial base detectors at low
fluences compared with that in control detector produced from
bulk Si.

4. At high radiation fluence (1014 n/cm2) epitaxial defects are
saturated by radiation defects, and a standard spectrum of
radiation induced defects is detected. For epitaxial silicon
detectors, the net effective doping concentration in the space
charge region equals to 31012 cm'3 after 3 months of room
temperature storage and a ETA, and has similar annealing
behavior as compared to bulk silicon. The total concentration
of Neff is lower than bulk value (which is in the order of 6 to 8

xlO12 cm"3). This is probably, at least in part, due to the fact
that the initial resistivity of Epi-Si detectors are about five
times lower than that of standard bulk detectors.
5. The results show some advantages of epitaxial based
material for radiation harden detectors in the low radiation
fluence range. One possible approach to make detectors (Epi
or bulk silicon) radiation hard also in high fluence range is to
increase the initial as-grown defect concentration that will not
be saturated at high fluences. More experiments are needed to
investigate the main regularities of the effect observed and its
development to the problem of radiation hardness of Si
detectors.
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