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Silicon membrane strip photodetectors are fabricated based on thin silicon-on-insulator (SOI) wafers. The thin SOI
wafer is realized by exploiting a thinning process on back-side. Such detectors can be implemented in proton-beam
position detection because its ultra-thin membrane substrate can reduce beam scattering and offer the considerable
advantages of a higher radiation hardness. A p-spray implantation process is typically performed at the silicon surface
between the n™-strips in order to insulate them, without requiring an extra photolithographic mask. In this paper,
the sources of leakage current in the detector are firstly studied by considering both activation energy and simulation
analysis in Silvaco TCAD. While the device is operating below avalanche breakdown voltage, the Shockley-Read-Hall
(SRH) process and trap-assisted-tunneling (TAT) process are dominantly contributing in leakage current. The dominant
breakdown voltage is attributed to the premature breakdown in the junction of p-spray/n*-region. The shift of this
breakdown voltage under repeated avalanche processes is analyzed in-depth by both experiments and simulations, as
a function of temperature and electrical stress conditions, which are introducing an important reliability problem. The
electrical stress can be attributed to an increase of fixed charge density at the Si/SiO; interface. The breakdown voltage
finally increases by 4 V after successive avalanche breakdowns as function of the applied excess bias voltage beyond

breakdown voltage.

I. INTRODUCTION

Silicon strip detectors are widely used for vertexing and
tracking of charged particles in nuclear and particle physics
experiments!. Strip photodetectors integrated with a scin-
tillator have also been implemented in Gamma-ray position
detectors®3. 1In this case, incident Gamma-ray activates the
scintillator and light is generated*. The peak wavelength of
scintillation light can be selected in visible spectral range of
relevance for Si, but to detect the low generated intensity, the
silicon strip detectors have to be highly sensitive. Other posi-
tion sensitive detectors (PSDs) have been widely used in di-
verse applications including optical engineering, aerospace,
and military fields based on the lateral photo effect>’. A
strip detector fabricated on a silicon membrane can be im-
plemented as a proton-beam detector which can monitor the
proton-beam in real time in order to know the actual dose de-
posited into the targets. In addition to a reduced beam scat-
tering, ultra-thin detectors offer a higher radiation hardness
which leads to an improved detector life time and a much bet-
ter collection efficiency®®.

In this paper, we extend the investigation of a silicon
membrane strip detector based on silicon-on-insulator (SOI)
layer, fabricated by a simple silicon thinning process of the
bulk wafer, initially designed for a proton-beam application
as discussed above. The ultra-thin silicon membrane pro-
vides a possibility of either two-dimensional or even three-
dimensional detection systems by stacking several thin layers
that can all be traversed by the proton beam.
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However, parasitic positive charge build-up in the field-
oxide insulating layer between the strips, related to process
defects during fabrication or radiation degradation under op-
eration, causes electrons to accumulate at the Si/SiO, surface,
which can lead to increased leakage current or even a short
circuit between the strips'®!!. A p-spray technology, which
does not require an extra mask and consists in a uniform p-
type blanket implant, is performed on the silicon surface to
insulate each strip. The p-spray disadvantage can be higher
strip capacitance and reduced breakdown voltage as discussed
below.

In order to achieve high responsivity, the strip detector is of-
ten operated under high reverse bias to enlarge the depletion
region and hence carrier collection region. However, when
avalanche breakdown happens, the huge current flow density
can lead to the breakdown shift of the detector by localized
Joule heating at high temperature, high density of charge ac-
cumulation at the interfaces etc. The leakage current and
breakdown voltage (V;,), which can be significantly changed
by process or huge avalanche current flow, are amongst the
most important parameters to characterize the device reliabil-
ity. The physical mechanism of Vj, shift has been studied,
for example, in SiC diodes!?, power MOSFETs!3 and GaN
HEMTs!*. However, no research works focused on the V,,
shift caused by avalanche breakdown in silicon strip detectors.

In this paper, the components of leakage current, the source
of the breakdown shift in the membrane strip detectors and
their physical mechanisms are analyzed and explained by ex-
periments and simulations.
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FIG. 1. Structure of the strip detector. (a) Cross-section schematic
view. (b) Plane-section view taken by optical microscope, in which
the inserted figure shows an enlarged strip electrode, and the small
squares are the contact holes.

Il. DEVICE STRUCTURE AND EXPERIMENTAL DETAILS

Fig.1(a) shows a schematic cross-section view of a pair of
strips on SOI membrane. Considering the trade-off between
spatial detecting resolution and the requirements for the num-
ber of readout channels, the pitch length is designed as 500
um in a proton-beam detector. The length and the width of
the N7 strips are 1.5 cm and 30 pm respectively. The strip
doping depth is about 1 yum and the silicon membrane thick-
ness is 20 gm.

The detectors were fabricated on p-type double-side pol-
ished blank thick SOI wafers with a bottom silicon thickness
of 400 um, a buried oxide (BOX) of 500 nm and a top silicon
thickness of 20 um. The top silicon layer acts as the ultra-thin
membrane after etching the bottom silicon substrate below the
detector. The substrate and SOI layer doping concentration
was about 10" to 1016 cm =3,

The strip detectors were firstly fabricated on the frontside
of the starting wafers. A wet-thermal oxide of 300 nm was
grown as a hard mask for the backside thinning, and a wet-
thermal oxide of 100 nm was grown as a protection layer on
the frontside to reduce the silicon damages caused by the im-
plantation. For N strip implantation, arsenic with a 100 keV
energy and a 10'¢ ions/cm? dose was implanted to get a bit
more than 102! ¢cm™3 arsenic doping concentration at the ox-
ide/silicon interface. For P-spray implantation, the boron im-
plantation energy was 13 keV and its dose was 1.7 x 10'?
ions/cm?, yielding a p-type of about 10'” cm™3 at the Si sur-
face. The thickness of the P-spray layer is about 0.2 yum. For
strip contact holes, a reactive ion etching (RIE) was performed
with a CHF3 plasma for 25 min at 60 W to etch the contact
holes anisotropically. Strips were then metallized by deposit-
ing a 250 nm Al/Si (1%) layer to reduce spiking effect. In
order to protect the device from its environment, a nitride pas-
sivation layer of 300 nm was deposited by plasma enhanced
chemical vapor deposition (PECVD) over the whole frontside
surface. The passivation layer was then dry etched by SF6
to open the contact pads for electrical connections with the
device.

Secondly, the thinning step was performed. Backside pho-
tolithography is aligned for thinning area patterning, and then
we etched the backside oxide, which acted as a hard mask
against TMAH, over the thinning area with a BHF solution
in 6 min. The frontside was then protected via the Protek re-

sist. Afterwards, the wafers were placed in a 5% TMAH bath
at 95 °C for about 10 hours. For the BOX release, a RIE
with a CHF3 plasma was performed for 25 min. Finally, the
back metallization was a 250 nm thick aluminum layer which
was then silicided through an annealing at 432 °C for 30 min.
As shown in Fig.1(b), the fabricated strip detector is of high
quality from the plane section view taken by an optical mi-
croscope. The full detector features 80 parallel strips over a
membrane area of 4.2 x 1.7 cm®. The present study is next fo-
cused on single strips measured individually while grounding
the neighbor ones.

I1l.  CHARACTERIZATION RESULTS
A. Leakage current

In terms of physical principles, there can be two main
sources for the leakage current in the strip detector, i.e., the
diffusion current and Shockley-Read-Hall (SRH) process re-
lated current!. The diffusion current is the intrinsic leakage
current which comes from the flow of thermally-generated
electrons and holes through the junction. The SRH related
component is the generation of minority carriers in the de-
pletion region, governed by the SRH process. The latter is
generally dominant in Si diodes at temperatures below and
moderately above 400 K.

Concerning the flows of carriers, the leakage current is
formed by surface leakage flow and bulk leakage flow. The
surface leakage current originates from the generation of mi-
nority carriers at the Si surface and along the perimeters of
the strips due to the high interface-state density at Si/SiO; in-
terfaces, which is governed by a Shockley-Read-Hall (SRH)
process. The bulk leakage current can also be attributed to
both a Shockley-Read-Hall (SRH) process in the vertical de-
pletion region below the strips and to the diffusion process
across it. The trap-assisted-tunneling (TAT) process, occur-
ring along with the SRH process under strong electric field,
is considered as an enhancement to the SRH-related minor-
ity carrier generation for both the surface leakage current and
bulk leakage current'”, notably below avalanche breakdown
voltage.

Dark I-V curves of single strips under a temperature from
30 °C to 80 °C were measured on a SuSS PMS8PS probe sta-
tion combined with the Agilent B1500 Semiconductor Device
Analyzer. The activation energy (E,) can be extracted from
the slope of the linear relationship between In(I;,,+) and 1/kT.
If the value of E,, is equal to the Si bandgap, the diffusion cur-
rent density is dominant in leakage current. Besides, if the
value of E, is equal to half of the Si bandgap, the SRH pro-
cess related current density is dominant in leakage current.
Under higher reverse bias voltage (i.e. close to breakdown
voltage), the value of E, can become less than half of the
Si bandgap due to the contribution of temperature dependent
TAT enhancement factor!>!. In this case, the activation en-
ergy of the SRH related leakage current density is contributed
by the temperature dependent TAT enhancement factor.

For the extraction of activation energies (E,), dark currents



AlP

Publishing

(a) Temperature (°C) Temperature (°C)
80 70 60 50 40 30 80 70 60 50 40 30

Slope

In ( Idark )
25— Linear Fitting for low T

160 Slope
-0.186
—— Linear Fitting for high T

32 33 34 35 36 37 38 39 ) 3‘3 3‘4 3‘5 3‘6 3‘7 3‘8 39

1/KT (eV™") 1/KT (eV™")

—~
o
~

In (Idark )
Linear Fitting

)

In (ldark@1V')

P
0
338
In (ldark @ 35V

FIG. 2. Arrhenius plot of the dark current at fixed reverse voltage of
(a) -1V and (b) -35V. For figure (a), the red line is the fitting of the
experiment data for temperature higher than 60 °C, and the blue line
is the fitting of the experiment data for temperature lower than 50 °C.
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FIG. 3. Dark I-V curves for ramping up the temperature from 30 °C
to 80 °C, and then ramping down to 30 °C, with 10 °C interval scale.
The detectors underwent successive avalanche breakdowns with a
current compliance at 1 mA in the measurements.

at a fixed bias voltage of -1 V and -35 V were investigated as
a function of 1/kT (Arrhenius plot)16. As shown in Fig.2(a),
when the device is biased at -1 V, the E, above 60 °C is 1.12
eV equal to the Si bandgap. E, decreases to 0.87 eV for
the temperature range between 30 and 50 °C. This indicates
that the dominant leakage current at low bias voltage origi-
nates from diffusion current especially when the temperature
is above 60 °C, and the portion of SRH current density in the
leakage current increases with decreasing temperature.

However, as shown in Fig.2(b), E, at a high bias voltage
of -35 V is about 0.19 eV. This value is below the half of the
Si bandgap, which is attributed to the influence of TAT pro-
cess occurring under a relatively strong electric field. Thus,
the SRH related leakage current enhanced by TAT process is
dominant at high bias voltage.

B. Shift of breakdown voltage

In order to study the variations of electrical parameters
caused by temperature and avalanche breakdown current,
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FIG. 4. Breakdown voltage shift with different temperature. (a) The
compliance breakdown current is set at 1 mA which means the de-
tector has undergone successive intense avalanche breakdowns. (b)
The compliance breakdown current is set at 1 A which means the
detector never experienced strong avalanche breakdown.
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FIG. 5. Shift of breakdown voltage of the strip detector caused by
repeated avalanche breakdown in room temperature. The compliance
breakdown current is set at 1 mA. (a) I-V curves and (b) Shift of
breakdown voltage with the increase of avalanche breakdown cycles.

dark I-V curves with different temperature under successive
avalanche breakdowns were measured and are shown in Fig.3.
The dark I-V curves were measured successively, ramping up
the temperature from 30 °C to 80 °C, and then ramping down
to 30 °C, with 10 °C interval and with a current compliance at
1 mA. The breakdown voltage increased by 4 V when the tem-
perature was ramped from 30 to 80 °C, as shown in Fig.4(a).
However, the value of breakdown voltage measured at 80 °C
did not change when cooling down to 30 °C.

In order to understand the origin of the breakdown volt-
age shifting, we performed successive cycles of controlled
avalanche processes under different conditions:

(a) The dark I-V curves of the strip detector were measured
under reverse bias voltage up to breakdown voltage at differ-
ent temperatures by setting the current compliance value at
1 1A to avoid the degradation caused by huge current flow.
As the hysteresis diagram shows in Fig.4(b), the breakdown
voltage only increased from 34.0 V to 35.6 V with increasing
temperature from 30 °C to 80 °C, and then went back to 34.4
V with the decreasing temperature. This increase of break-
down voltage (by 1.6 V) (Fig.4(b)) is much smaller than the
increase of breakdown voltage caused by huge avalanche cur-
rent, which is about 4 V (Fig.4(a)). However, the small dif-
ference of the breakdown voltages between initial values and
cooled down values in the hysteresis curve of Fig.4(b) could
be due to a lack of temperature control of detector itself or to
a slight degradation of the detector.

(b) To further confirm the effect of avalanche breakdown
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FIG. 6. Shift of breakdown voltage of the strip detector under in-

creasing excess voltage (V) at 50 °C. V, is the over-voltage ap-

plied in excess of the initial breakdown voltage which is 34.4 V in

this measurement.

(a) I-V curves. (b) The shift of breakdown voltage after successively
increasing compliance voltage for the I-V measurements.

on the shift of breakdown voltage, the dark I-V curves for the
strip detector were measured at room temperature under mul-
tiple cycles of breakdown, as shown in Fig.5(a). The com-
pliance breakdown current was set at 1 mA. As shown in
Fig.5(b), after each avalanche process, the breakdown voltage
increases continuously and irreversibly. The increased break-
down voltage was still measured and the same at the point of
the last measurement after several months. This phenomenon
is attributed to the several measurements under applied excess
bias voltage beyond breakdown voltage (V,y), resulting in a
high current flow, an increase of TAT probability, and even a
potential increase of fixed charge density in Si/SiO; interface.
Therefore, the enhanced upward shift of breakdown voltage
with temperature in Fig.4(a) originates from the V., as well
as the decrease of the mean free path for carriers in silicon
membrane caused by high temperature that we will discuss
later.

(c) The shift of breakdown voltage is finally related to the
stress-induced excess bias voltage. As shown in Fig.6(a), the
I-V curves were measured with an increasing voltage compli-
ance from 34.4 V to 38 V for a strip detector with an initial
breakdown voltage of 34.4 V under the fixed temperature of
50 °C. The V., is the over-voltage applied in excess of the
initial breakdown voltage. V., is here increases from 0 V to
3.6 V. As a result, the breakdown shift happens when the V.,
reaches 2.2 V,which can be seen in Fig.6(b). The correspond-
ing avalanche current is 25 (A. When the avalanche current is
less than 25 A, the device undergoes light breakdown, which
does not lead to significant Vy, change of the device. How-
ever, when the avalanche current achieves 25 u A, the shift of
the V- becomes stronger.

IV. DISCUSSION USING DEVICE SIMULATION
A. Simulation Setup

In order to understand the origin of leakage current and
the physics leading to the Vy, shift in depth, two-dimensional
(2-D) numerical simulation for the device was performed in
Silvaco Athena and Atlas. Because we mainly focus on the
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FIG. 7. Cross section of the strip detector implemented in 2-D Sil-
vaco simulation.

TABLE I. Simulation Parameters for Implantation Process.

Implantation Process ~ Implantation Energy  Implantation Dose
N Strip Implantation 100 keV
P-spray Implantation 13 keV

106 jons/cm?
1.7 x 10'2 ions/cm?

physics of independent device, only a single strip centered be-
tween two other strips with a pitch of 500 ym was simulated.
First, we used Athena to simulate the device fabrication pro-
cess. The setting of simulation parameters is consistent with
the experimental fabrication process. The 2-D simulated de-
vice is illustrated in Fig.7, and the parameters for implantation
are listed in Table 1. After that, the simulation of electrical
properties was performed in Atlas. It should be noted that the
default parameters for physical models are used in our simu-
lation and we didn’t calibrate the full I-V curves, because we
only focused on the physical phenomenon around breakdown.

B. Origin of leakage current

As for the leakage current, we have analyzed its composi-
tion from the physical principle by extracting the activation
energies. In order to further understand the flow path of leak-
age current, the flow of leakage current is simulated, and Fig.8
shows the 2-D distribution of current density and current flow-
lines. When the bias voltage is -1 V upon the temperature
of 30 °C, the leakage current is mainly vertical bulk current.
Moreover, the analysis of activation energy and the aforemen-
tioned simulated results show that the bulk current is consist-
ing of diffusion current and SRH current originated from the
vertical depletion region.

However, when the bias voltage is -35 V, as shown in
Fig.8(c) and (d), the lateral surface current is dominantly con-
tributing in the leakage current. This dominant surface current
is the SRH related leakage current enhanced by TAT process,
which is already presented by extracting the activation energy.
In order to further verify this mechanism of current genera-
tion, we set up different simulation models in Atlas simula-
tion. It can be seen from Fig.9, TAT related SRH mechanism
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FIG. 8. Simulation results for one detector strip biased at low and
high voltages, with the temperature set to 30 °C. (a) Leakage current
density and (b) current flowlines for the detector biased at -1 V. (c)
Leakage current density and (d) current flowlines for the detector
biased at -35 V.
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FIG. 9. Simulation results of the dark I-V curves with the different

simulation models.

plays a dominant role when the device biased at high reverse
voltage.

According to the higher doping level in the p-spray, the
electric field at the n™/p-spray lateral junction is higher than at
the bottom junction of n'/p-substrate, which causes a prema-
ture breakdown at the n/p-spray/SiO, interface. As shown in
Fig.8(c), at the surface of the n™/p-spray junctions, there is a
region with extremely high current density at each side, where
avalanche breakdown occurs first. In addition, as shown in
Fig.5(a), a phenomenon of multiple breakdown steps can also
be seen in dark I-V curves with a compliance current higher
than 1 mA. In this case, the first breakdown happens at n™/p-
spray junction, and the second at the vertical n™/p-substrate
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FIG. 10. Simulation results of the dark I-V curves (a) with differ-
ent temperatures and a fixed positive charge density (QF) of of 5 x
10'%cm? at the Si/SiO, interface, and (b) with different QF at the

Si/Si0, interface at room temperature.
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FIG. 11. The hole concentration distribution in the p-spray layer for
QF = (a) 5 x 10'%cm? and (b) 10'%/cm?2.

junction below n-strips.

C. Shift of breakdown voltage

As shown in Fig.10(a), the simulation results show that the
breakdown voltage increases with temperature, which is qual-
itatively confirming the experimental observations (Fig.4(b)).
The mean free path in the depletion region for hot carriers de-
creases with increasing temperature of the crystal lattice, and
the carriers must move through a greater potential until they
acquire the necessary ionization energy for electron-hole pair
generation. Thus, the breakdown voltage exhibits a positive
temperature coefficient!”-18.

In order to study the breakdown shift caused by the inter-
face states or dangling bonds, we simulated the I-V curves
at room temperature with different densities of fixed positive
charge (QF) at the Si/SiO, interface, as shown in Fig.10(b).
The breakdown voltage increases with the increase of QF.
The annealing post-process in forming gas is helpful to re-
duce the interface states or dangling bonds at the Si/SiO; in-
terface. However, the interface states can be changed after
several measurements due to the probability of an avalanche
injection of hot carriers into the silicon oxide. Indeed, while
the detector operates under breakdown voltage or even excess
bias voltage, holes are accumulated at the Si/SiO, interface
and injected into the silicon oxide layer, thereby increasing the
concentration of fixed positive charges in the oxide layer!®.
As shown in Fig.11, the increased fixed positive charges in
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the oxide layer repel the holes in the p-spray region, which
is equivalent to reducing the p-doping concentration, thereby
reducing the built-in electric field in n*/p-spray junction and
increasing the breakdown voltage.

V. CONCLUSION

In this paper, we analyzed several reliability problems re-
garding the physics of leakage current and avalanche break-
down for a silicon membrane strip detector with a p-spray iso-
lation layer, which can be applied in a proton-beam detector.
The experimental activation energies and simulation results of
the device under the reverse bias close to the avalanche break-
down indicate a superior contribution of the surface SRH re-
lated leakage current enhanced by TAT process. The shift of
the breakdown voltage under successive avalanche processes
was analyzed experimentally, a slight increase of V;, with
temperature has been observed, according to theory, when
the avalanche current is limited to a low compliance. Under
strong avalanche process, the significant shift of V;, happens
and Vy, increases significantly and irreversibly. Simulations
indicate that the first avalanche process is related to the break-
down of the surface n+/p-spray junction due to the high dop-
ing level in the p-spray. When the detector works under strong
avalanche, hot holes are accumulated at the Si/SiO; interface
and injected into the silicon oxide layer, thereby leading to the
increase of Vy,. This research will provide guidance for de-
sign and fabrication of silicon detectors with a p-spray layer.
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