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New free electron lasers, such as SLAC’s LCLS-Il, will provide unique scientific imaging
opportunities. In order to fully utilize these facilities, we need to develop detectors with
shallow entrance windows that will enable detection of soft x-rays from 250 eV to 1.5 KeV.
Achieving adequately shallow entrance windows is challenging because the high
temperature anneal needed to activate the dopant also drives the dopant profile
deeper, growing the region that is insensitive to soft x-rays. A new microwave
annealing technology provides an efficient way to achieve shallow entrance windows in
fully depleted high-resistivity silicon sensors. The microwave anneal technique can activate
dopants at low substrate temperature, with minimal dopant diffusion, and can be used to
fabricate both n-type and p-type entrance windows. SRP and SIMS measurements were
used to verify dopant activation with negligible dopant diffusion. We then applied the
microwave anneal process to a planar sensor wafer, using the new process to create the
backside diode contact. Electrical test of the resulting sensors shows good reverse bias
characteristics. The sensors have been bump-bonded to a read-out ASIC and used
successfully to measure an Fe-55 x-ray spectrum. Process and device simulations were
performed to characterize the quantum efficiency of the entrance window for soft x-rays.
This technique is useful for other sensor applications requiring a shallow entrance window,
including detectors for UV photons, low energy ions and low energy electrons.
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INTRODUCTION

SLAC’s LCLS-II will provide unique opportunities for scientific imaging. To take advantage of this
potential we need to develop detectors for soft x-rays from 250 eV to 1.5 KeV. Our challenge is to
develop detectors with adequately low noise to resolve these energies, and with shallow entrance
windows to avoid absorbing the x-rays in the insensitive region of the sensor [1-3]. Other free
electron laser facilities in Germany, China, Korea, Japan, and Switzerland as well as synchrotrons
would also benefit from a low-cost, reliable method for forming shallow entrance windows.

Fully depleted high resistivity silicon sensors require a highly doped region at the entrance
window to terminate and contact the diode. Typically, this region is created by ion implantation of
the dopant species, followed by a high temperature anneal to activate the dopant. This anneal also
drives the dopant profile deeper, increasing the entrance window depth and limiting sensitivity to
soft x-rays. The available solutions, such as laser annealing, are very expensive and difficult to
implement in volume manufacturing.
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TABLE 1 | Microwave annealed dopant profiles results. Implant parameters and microwave anneal conditions for our experiments, with SRP results and, where available,

dark current results.

Implant conditions Microwave anneal condition SRP analysis results P-I-N diode dark current Sensor
at full depletion, room functional
temperature test
Run Species Energy Dose Power Time Max Profile Activated Diode Dark X-ray
# (KeV) (cm™) (kW) (sec) substrate depth dose thickness current spectrum
temp (nm) (cm™) (um) (nA/cm™3) measurement
(degC)
1 As 5 1.00E + 15 6 120 272 30 3.00E + 12 300 31
2 As 10 1.00E + 15 5.5 120 260 80 4.80E + 13 300 37 Yes
3 P 10 2.00E + 15 5.5 100 238 160 4.40E + 13
4 B 10 2.00E + 15 6 120 274 270 4.40E + 12
5 BF2 10 1.00E + 15 4.8 120 270 60 5.80E + 12
6 BF2 20 1.00E + 15 4.8 120 270 40 9.50E + 12 115 2
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FIGURE 1 | Profile for 10 KeV Arsenic implant: process simulation of post-implanted profile, and experimental results (SIMS data) for the same implant after
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MICROWAVE ANNEALING FOR DOPANT
ACTIVATION

Microwave annealing (MWA) has the potential to be an
efficient, cost effective way to achieve shallow entrance
windows in silicon sensors. The dopants become polarized
in the microwave chamber, allowing for dopant activation
while the bulk silicon temperature remains at less than
500°C. The result is dopant activation with negligible dopant
diffusion [3-6].

To support a range of sensor applications that includes both
hole-collecting and electron-collecting silicon sensors, we need a
solution that applies to both n-type and p-type entrance windows.
We applied the microwave anneal process to test wafers

implanted with Arsenic, Phosphorus, Boron, and BF,. Arsenic
and BF, have shallower implant profiles, making them the most
promising options for shallow entrance windows. The implant
conditions are shown in Table 1. The microwave anneal step was
performed with DSG Technologies’ Axom tool.

A secondary ion mass spectrometry (SIMS) profile was
acquired to determine the dopant distribution for run #2

(10 KeV Arsenic implant) after microwave anneal. The result

was compared with a simulated as-implanted profile in Figure 1.
The dopant profile did not shift significantly compared to the
expected as-implanted profile, indicating negligible dopant
diffusion.

Spreading resistance profile (SRP) measurements were
acquired to characterize the activated dopant profiles, with
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FIGURE 2 | Schematic cross-section of SLAC in-house planar sensor
process. The n-type Arsenic profile constitutes the entrance window.

approximate profile depth (defined as depth where implanted
dopant concentration drops to 10'*cm™) and activated
dopant levels (based on integrated carrier concentration)
shown in Table 1. The shallow profile depth confirms the
conclusion that there was negligible dopant diffusion during
the anneal. In our initial experiments, the activated dose was
only a small fraction of the implanted dose. In the case of the
5KeV Arsenic implant less than 1/100th of the dose was
activated. The low activation level for the 5KeV Arsenic
implant compared to the 10 KeV implant may be due to
the lower implant energy causing less lattice damage,
because the activation occurs in part when then dopant is
incorporated into the lattice during re-crystallization [5]. We
expect that further co-optimization of the implant and
microwave anneal processes will improve the dopant
activation level.

For our sensor application the low dopant activation levels are
adequate, because we only need enough dopant to terminate the
P-intrinsic-N (P-I-N) diode structure. For 300 V over-bias above
depletion voltage on a 300 um thick sensor, 6.4 x 10" cm ™ is the
minimum active dose.

Arsenic entrance windows were applied to P-I-N diode sensor
wafers fabricated at the Stanford Nanofabrication Facility (SNF)
[3]. Our in-house built sensors are processed on 300 um thick
n-type high resistivity float-zone silicon, with p-type diffusion on
the front side (Figures 2, 3). Thick metal (0.5 pm) is patterned
around the edge of the entrance window for electrical contact, and
a thin metal layer (10 nm) was deposited on the entrance window
to block unwanted light. In order to ensure that the microwave
annealed dopant profile terminates the P-I-N diode without
defects and without damage to the silicon lattice, area-based

dark currents were measured at room temperature. Dark current
results, shown in Table 1 and Figure 4, are comparable to
measurements on  similar terminated  with
conventionally annealed implants. Full depletion was reached
at approximately 40 V, with no breakdown occurring at diode
bias up to 200 V.

structures

MICROWAVE ANNEALING FOR SOFT
X-RAY WINDOWS: FIRST SENSOR
RESULTS

We deployed several small proto-type size (96 x 96 pixels)
sensors with 50 pm pixel pitch from our planar sensor wafers
with microwave annealed arsenic entrance windows. The
sensors were bump-bonded to the ePix100 read-out ASICs
[7,8]. The resulting camera is shown in Figure 5. We tested
the proto-type with an Fe-55 x-ray source, and successfully
obtained the spectrum shown in Figure 6. From these results
we can conclude that the microwave anneal process is
compatible with high resistivity silicon detector
processing. Future work will involve testing the system
with soft x-rays to experimentally verify the shallow
entrance window.

TCAD SIMULATIONS

We performed TCAD process and device simulations to
understand the physics of entrance windows with very shallow
dopant profiles, and to characterize the quantum efficiency of
these structures for soft x-ray photons.

The baseline simulation structure is a 300 um thick P-I-N
diode fabricated on 4.3 Kohm cm n-type silicon, illustrated in
Figure 7. For these simulations, we focused on a hole-collecting

FIGURE 3 | SLAC planar sensor wafer processed at the Stanford
Nanofabrication Facility (SNF). The entrance window with patterned metal
is shown.
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FIGURE 5 | Camera assembled with prototype shallow entrance
window sensors bump-bonded to SLAC ePix100 read-out ASIC.

sensor configuration with an n-type entrance window. However,
the results are expected to be similar for the reverse configuration
with equivalent p-type entrance window profiles. We used
Synopsys Sentaurus process and device simulation tools. We
performed a full 3D simulation in order to accurately model

the charge cloud evolution and drift. All default parameters were
used, with the exception of minority carrier lifetime which was set
at 1 mS to reflect the use of float-zone silicon used for high
resistivity sensors.

We simulated four n-type different dopant profiles: 1) 5 KeV
Arsenic implant, based on the SRP results for run #1 in Table 1, 2)
10 KeV Arsenic implant, based on the SRP results run #2 in
Table 1, 3) Simulated 20 KeV Arsenic implant with a 900 deg
30 min conventional anneal, resulting in a 0.2 um deep profile,
and 4) A 2pum deep profile, which could be achieved with a
phosphorus implant and long high-temperature anneal. The four
profiles are shown in Figure 8. During the first round of
simulations, the electrode was defined in the center of the
entrance window where the photon absorption is simulated, as
shown in Figure 7A. The electrode behaves electrically like a
metal contact.

A simulated bias of 100 V was applied to all four structures.
The resulting electric field near the entrance window is shown
in Figure 9A. Note that for all of the dopant profiles, with the
exception of the deepest, there is significant electric field
present all the way to the surface. This can be understood
from examining the electron density, shown in Figure 9B. For
the deepest profile, the n-type dopant profile is mostly
undepleted, and the electron density is similar to the
activated dopant density in Figure 8. In the case of the
shallower three profiles, however, the steep impurity
gradient result in the electric field near the surface. In
general, a graded impurity distribution in silicon causes a
built-in electric field due to carrier diffusion along the
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FIGURE 6 | Fe-55 spectrum (shown in blue) measured on planar sensor with microwave annealed entrance window bump-bonded to ePix100 ASIC. Results are

comparable to measurements taken with conventional sensors.
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FIGURE 7 | PIN diode structure used for TCAD simulations of x-ray charge collection. (A) (left) has a contact (shown in pink) in the center, where the simulated
photon is absorbed. (B) right has an oxide interface over the simulated photon absorption location, with an electrical contact (pink square) in the corner.
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gradient [9]. This effect becomes important when the gradient
is large, as we can see by comparing the electron distribution
in Figure 9B to the activated n-type dopant distribution in
Figure 8.

In order to simulate the absorption of photons, electron-hole
pair clouds were placed at various distances from the interface at
the center of the entrance face using the heavy ion model, as
illustrated in Figure 10. The resulting readout signal was
studied. The total integrated read-out current was compared
to the initial charge that was deposited in the substrate. The
results are shown in Figure 11A. The percentage of the charge
that gets collected decreases dramatically for photons absorbed

near the surface, despite the presence of a significant electric
field shown in Figure 9A. We can understand this mechanism
by comparing structure in Figures 7A,B. We added oxide to the
surface of the structure in Figure 7B and moved the electrical
contact to the corner, away from the photon absorption region.
We see the impact of this change comparing Figures 11A,B. In
Figure 11B, with an oxide interface instead of a metallic
electrode, greater than 90% of the charge packet is collected
for three of the four entrance window designs. The difference is
the surface recombination velocity of the metal contact
(approximately 10°cms™') compared to oxide interface
(10°cms™). (Default surface recombination velocity
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FIGURE 8| Activated dopant profiles for four entrance window profiles simulated for this work. The spacing of the data points reflects the grid spacing in the vertical
direction, which is about 5 nm for the first 50 nm from the surface.
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FIGURE 9 | With simulated applied bias of 100 V (A) Electric field near entrance window, and (B) electron density near entrance window. These resullts are the
same for the center and corner contact versions of the simulation.
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FIGURE 10 | lllustration of photon absorption simulation, showing charge cloud initiated 1 mm (1000 pm) from the entrance window surface.




100%

90%

80%

70%

60%

50%

40%

—+—5KeV Arsenic, micro-wave anneal
30%

~#-10KeV Arsenic, micro-wave anneal

percentage charge collected at read-out

20%
Arsenic Implant, conventional
anneal

phorus implant, Ci
anneal

10%

0 100

200

300 400 500 600

photon absorption depth (nm)

700 800 900 1000

percentage of generated charge that is collected at read-out node.

FIGURE 11 | Simulated charge read-out vs. photon absorption depth in silicon for (A) metal contacted entrance window, and (B) oxide interface. Figures show

~
S
X

@
3
X

—+—5KeV Arsenic, micro-wave anneal

]
=

—+—10KeV Arsenic, micro-wave anneal

w
s
B

Arsenic Implant, conventional anneal

percent charge collected at read-out
«a
g
B

n
=3
X

implant, C
anneal

=
1)
X

0%

200

300 400 500 600

photon absorption depth (nm)

700 800 900 1000

100%
oo /
80%
70%
60%
g
.g 50% —+—5KeV Arsenic, micro-wave anneal
$
. 20% —»—10KeV As, micro-wave anneal
3
€ Arsenic Implant, conventional anneal
S 30%
£
implant, C anneal
20%
10%
0%
0 200 400 600 800 1000 1200 1400 1600
Photon energy (eV)

quantum efficiency

FIGURE 12 | Simulated quantum efficiency for entrance window with (A) metal contacted entrance window, and (B) oxide interface for 250, 619, 930 and 1500 eV
photons, based on percentage absorption shown in Figure 10. Losses from photon absorption in metal or oxide layers are not included in the calculations.

100%

90%

80%

~
Q
B

a
-]
X

—+-5KeV Arsenic, micro-wave anneal

wu
Q
X

—»—-10KeV Arsenic, micro-wave anneal

Arsenic Implant, conventional anneal

w
5}
X

phorus implant, Ct anneal

20%
10%
0%

600 800 1000
Photon energy (eV)

1200 1400 1600

parameters from Sentaurus Synopsis were used.) With shallow
absorption, holes diffuse to the surface and recombine at the
metal contact interface, instead of being swept away from the
interface by the electric field. On the other hand, with the oxide
interface surface recombination is negligible, and only the
deepest dopant profile, with a significant zero-field region,
results in enough bulk recombination to diminish the signal
collection.

Note that the actual surface recombination velocity at the
oxide-silicon interface is highly process dependent [10,11]. In
practice, the sensor process requirements and limits on x-ray
blocking insulator thickness may constrain process options. Our
objective for these simulations is to understand how electric
field distribution at the entrance window and surface
recombination interact to control the quantum efficiency for
soft x-rays.

A further observation from Figure 11A is that the percentage
charge read-out for photons absorbed between 30 and 100 nm is
higher for the 10KeV Arsenic implant than for the 5KeV
implant, despite the fact the 5KeV implant results in a
shallow profile. This is likely due to the fact that the electric
field in this region is higher for the 10 KeV implant, as seen in
Figure 9A, which speeds up the separation of the electrons and
holes and moves the holes away from the interface. Similarly, the
arsenic junction with conventional annealing is about 200 nm
deep in Figure 8, but the collection is signification at 100 nm and
below in Figure 11. This can again be understood from
Figure 9A, showing the electric field actually peaks around
100 nm.

In general, the electric field profile determines the functional
entrance window. For traditional diffused junctions, which are
deeper with more gently graded profiles, the electric field is very



low in the doped region. For shallow, steep profiles the electric
field may be quite high in the doped region. In any case, we need
to look at the electric field profile to understand the entrance
window performance.

Quantum Efficiency

Based on the simulation results in Figures 11A,B and
standard models for absorption of photons in silicon, we
calculated the quantum efficiency for four photon energies of
interest: 250, 619, 930 and 1500 eV. The results for our four
entrance window structures are shown in Figure 12A for
metal contact, and Figure 12B for oxide interface. Note that
these results do not take into account any losses through
metal or oxide films. Also note that the actual quantum
efficiency of a detector system will depend on the read-out
technique and other factors, such whether the amplifier will
register a fractional read-out, and signal to noise ratio.
Nevertheless, these results are useful for understanding
how the shallow dopant profiles that are achievable with
microwave annealing may affect sensor quantum efficiency.
For these structures, bulk recombination in the undepleted
window region is not responsible for signal loss in our
simulations. Instead, the surface treatment will become
the dominant concern.

CONCLUSION

We have demonstrated a new technology, microwave annealing,
with the potential to enable simple, low cost processing of shallow
entrance windows for high resistivity silicon soft x-ray sensors.
The new entrance window process has been successfully applied
to high resistivity silicon sensors and deployed for x-ray
detection. TCAD simulations have been performed to
understand the quantum efficiency for the resulting shallow
dopant profiles.

Spreading resistance profile measurements of dopant
activation, dark current results, and x-ray spectrum results all
point to a high-quality sensor with a very shallow entrance
window. However, we have not yet tested the quantum
efficiency of our structure for soft x-rays. It is possible that
un-annealed silicon damage from the implant or the presence
of un-activated dopant will affect the sensitivity of the sensor near
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