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The detection of low-level light is a key technology in various experimental scientific studies. As a photon detector, the
silicon photomultiplier (SiPM) has gradually become an alternative to the photomultiplier tube (PMT) in many applications
in high-energy physics, astroparticle physics, and medical imaging because of its high photon detection efficiency (PDE),
good resolution for single-photon detection, insensitivity to magnetic field, low operating voltage, compactness, and low
cost. However, primarily because of the geometric fill factor, the PDE of most SiPMs is not very high; in particular, for
those SiPMs with a high density of micro cells, the effective area is small, and the bandwidth of the light response is narrow.
As a building block of the SiPM, the concept of the backside-illuminated avalanche drift detector (ADD) was first proposed
by the Max Planck Institute of Germany eight years ago; the ADD is promising to have high PDE over the full energy range
of optical photons, even ultraviolet light and X-ray light, and because the avalanche multiplication region is very small,
the ADD is beneficial for the fabrication of large-area SiPMs. However, because of difficulties in design and fabrication,
no significant progress had been made, and the concept had not yet been verified. In this paper, preliminary results in the
design, fabrication, and performance of a backside-illuminated ADD are reported; the difficulties in and limitations to the

backside-illuminated ADD are analyzed.
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1. Introduction

Research into the silicon photomultiplier (SiPM), which
is a matrix structure of Geiger-mode avalanche photodiodes
(GAPDs)!! and is known as a multi-pixel photon counter
(MPPC),?! for photon detection has made great progress. 3!
Recently, the SiPM has become an alternative to the photo-
multiplier tube (PMT)!¥ in high-energy physics (HEP), as-
troparticle physics, and positron emission tomography (PET)
due to the outstanding characteristics of the SiPM: high photon
detection efficiency (PDE), good resolution for single-photon
detection, low sensitivity against temperature, and bias fluc-
tuations, lack of aging over years,!®! insensitivity to magnetic
fields, low operating voltage, compactness, and convenience
for integration.®! Although the SiPMs reported by some in-
stitutes and companies have unique advantages, SiPMs can-
not always meet the various requirements of experiments and
applications. In many applications, SiPMs are used to de-
tect low-level light over a wide wavelength range. Limited
by the fill factor, the PDE of most available SiPMs is low or is
only high for the incident light in a narrow wavelength range.
SiPMs with small pixel sizes and large pixel densities have
large dynamic ranges but have low PDE. Additionally, the dark
rate of SiPM is relatively high because of thermally gener-
ated carriers and the leakage current of the P-N junction.!”! If
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the size of the detector is increased, the dark rate will accord-
ingly be significant. To solve these shortcomings of SiPMs,
the backside-illuminated avalanche drift detector (ADD) be-
gan to be studied for serving as a building block for SiPMs.

The concept of the backside-illuminated ADD was first
proposed by Vilkelis ef al.!¥ in 2001. To meet the require-
ments of single-photon detectors for application in the Ma-
jor Atmospheric Gamma-ray Imaging Cherenkov telescopes
(MAGICQ), in 2005, researchers in the Max Planck Institute
(MPI) for Physics in Germany developed the concept of the
ADD, 8] which combines a drift diode with an avalanche struc-
ture placed on the opposite side of the irradiation entrance
window. The ADD should have high PDE and large receive
area while restricting the avalanche region to a very small area
of the device. As shown in Fig. 1, the structure designed by
the MPI has a modulated high field region between the deep
p and the deep n regions. In fact, it is difficult to ensure that
the deep p region is fully depleted when avalanche multipli-
cation occurs, thus part of the deep p region remains neutral,
and most photoelectrons have been recombined in the neutral
region before they enter the modulated high field region to trig-
ger the avalanche process. This recombination might be one
reason that only simple test structures and simulation results
have been reported by the MPI to date. !
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Fig. 1. The basic structure and working principle of the backside-

illuminated SiPMs of the MPL”!

The Novel Devices Laboratory (NDL) of Beijing Normal
University has long been committed to investigating silicon
photomultipliers with bulk integrated quenching resistors and
silicon drift detectors. Replacing the “point-like” collecting
anode of a silicon drift detector (SDD) with a one-sided abrupt
junction, a developed structure for the backside-illuminated
ADD was proposed by the NDL. The developed structure dif-
fers from the MPI’s ADD structure, in which the photoelec-
trons generated in the depleted bulk barely enter into the high
field region and fail to trigger avalanche multiplication.

The backside-illuminated ADD designed by the NDL is
expected to have a promising PDE, low dark rate, and detect
low-level light over a wide wavelength range, and be con-
veniently integrated into novel large-area SiPMs. Compared
with the ADD of the MPI, the newly developed structure is
simple, and the avalanche junction has single electrode. In
this paper, the preliminary results from the investigation of
the backside-illuminated ADD developed at the NDL are pre-
sented. The validity of the developed structure is first demon-
strated in device simulations. Through the use of a planar sil-
icon detector processing line, the production of the complete
structure of the backside-illuminated ADD is accomplished.
The electrical and the photoelectric performances of the fab-
ricated ADD are characterized. Finally, through the experi-
mental studying and the theoretical analysis, the limitations
and prospects for the development of the backside-illuminated
SiPMs are discussed.

2. Structure and principles

The basic structure of the backside-illuminated avalanche
drift detector designed by the NDL and the operational prin-

ciple are shown in Fig. 2. The volume of the device is

150 pumx 150 umx300 pum; the size of the back entrance
window is 110 umx 110 pum; the diameter of the “point-like”

avalanche junction is 12 pm.
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Fig. 2. Structure and operational principle of the newly developed
backside-illuminated ADD of the NDL.

Under appropriate conditions, the n-type silicon bulk, in
which a drift electric field has a strong component parallel
to the surface, is fully depleted. The drift electric field gen-
erated by the front-side drift rings and the back electrode
drives the signal photo-electrons towards the central small-
size avalanche diode. Through biasing at the collecting elec-
trode, a high field region forms between the NT collecting
electrode and the P enriched region. With high reverse bias
at breakdown, the central N™—P junction operates in Geiger
mode. Low-level light illuminates the unstructured back en-
trance window, and the incident photons are converted into
electron—hole pairs in the fully depleted n-type silicon bulk.
The photo-electrons drift along the path and enter into the high
field region to trigger avalanche multiplication. The electrical
signal can be detected from the circuit connected to the N*
collecting electrode. The photo-generated holes and the diffu-
sion holes are swept into the P drift rings and the P™ back
electrode.

The back entrance window is in the unstructured P-N
junction, which provides homogeneous sensitivity over the en-
tire active area of the detector. The backside-illuminated ADD
guarantees a 100% fill factor because the optical window is un-
structured and has no dead zone. Therefore, this structure can
improve the PDE. Because the size of the avalanche region is
much smaller than that of the active region, the detector has
large pixels but meanwhile low dark rate. Because the photo-
electrons can be generated in the whole substrate, the light ab-
sorption length is approximately equal to the thickness of the
wafer, and the wide response wavelength range is promised to
be achieved. If the backside-illuminated ADDs are integrated
into a novel SiPMs, the SiPMs can be expected to have excel-
lent PDE, low dark rate, excellent resolution for single-photon

detection, and wide spectral response.
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3. Simulations

Device simulations have been performed with ISE-TCAD
release 10.0 for the structure with a radius of 150 um and a
thickness of 100 pum as shown in Fig. 2. For the ADD under
the simulation conditions, the bulk is fully depleted and the
drift electric field is formed. The simulation conditions in-
clude applied voltages of —0.8 V, —10.0 V, and —6.8 V to the
inner drift ring, the outer drift ring and the back electrode, re-
spectively. Meanwhile, the NT collecting electrode is biased
at 30 V to keep the avalanche junction in Geiger mode.

The electrostatic potential distribution and the electron
current density are both simulated. In the electrostatic po-
tential distribution shown in Fig. 3, the (black) thick line in-
dicates the electronic potential valley, which determines the
drift path of the photo-electrons in the fully depleted silicon
bulk of the presented structure. Definitely, the electron current
flows along the drift path.
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Fig. 3. (color online) Electrostatic potential distribution of the structure
shown in Fig. 2 under the simulation conditions. The black (thick) line
indicates the electronic potential valley.

Magnified views of the simulated distribution in the cen-
tral region of electric field, electron current, and hole current
density are presented in Figs. 4-6, in which the depth between
0.2 um and 0.6 pum represents the N™ region; the depth be-
tween 0.6 um and 2.2 um represents the P-enriched region;
and the region deeper than 2.2 pm is in the N substrate. The
high field region shown in Fig. 4 is located at the reverse-
biased N*T—P junction formed between the N™ region and the
P-enriched region, which is not in the corner of the regions.
The maximum electric field reaches more than 5 x 10° V/cm at
the interface between two regions. The electron current shown
in Fig. 5 is mainly distributed in the N region, the upper
part of the P-enriched region and the depleted bulk, but is not
across the P-enriched region. The hole current shown in Fig. 6
is mainly distributed in the high field region and the zone be-
neath the high field region, in which there is a forward-biased
P-N junction formed between the P-enriched region and the N

substrate. The hole current flows to the substrate through the
forward-biased P-N junction.
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Fig. 4. (color online) Electric field distribution in the central avalanche
region. The ADD is under the simulation conditions.
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Fig. 5. (color online) Electron current density distribution in the central
region. The ADD is under the simulation conditions.
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Fig. 6. (color online) Hole current density distribution in the central

region. The ADD is under the simulation conditions.

The device simulations show that the presented ADD
structure is feasible.
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4. Experiment
4.1. Fabrication

Based on the planar silicon detector processing line
at the NDL, the backside-illuminated ADD with a size
of 150 umx150 wmx300 pm and an active area of
110 pmx 110 pum are fabricated. We choose an n-type (111)
float zone silicon wafer polished on both sides; the resistivity
of the wafer is 6000 Q-cm-25900 Q-cm, and the thickness is
300 pm.

The main technological processes shown in Fig. 7 in-
clude (i) growth of SiO, by thermal oxidation; (ii) opening
SiO; window at the central collecting electrode by lithogra-
phy and etching; (iii) boron ion implantation at different doses
and phosphorus ion implantation at large doses to form the
avalanche junction; (iv) fabrications of the drift rings and the
back entrance window by double-sided lithography with in-
frared alignment and double-sided implantation of boron ions
at low energy and large doses; (v) fabrications of the ground-
ing ring by lithography, etching, and phosphorus ion implan-
tation; (vi) double-sided metallisation for the Ohmic contacts.
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Fig. 7. Fabrication of the backside-illuminated ADD.

The fabrication of the backside-illuminated ADD is very
complex due to the double-sided structure. Double-sided par-
allel technology is employed to reduce the difficulty and to
improve the efficiency of the production.

After the technological process is completed, the detec-
tors on the chips are selected, then removed from the chip,
and finally encapsulated within To-8 shells. For the backside-
illuminated ADD, the chip checking and encapsulation are dif-
ficult and complex due to the double-sided structure and mul-
tiple electrodes. A photo of the encapsulated ADD is shown
in Fig. 8.

Fig. 8. Encapsulated backside-illuminated ADD.

4.2. Characterisation

The characteristics include the direct current properties
and the photoelectric performances. All the tests are per-
formed at room temperature.

An Agilent 4156C Precision Semiconductor Parameter
Analyzer or a Keithley 237 Source-Measure Unit is used to
measure the current—voltage (/-V') characteristics.

The photoelectric performances are measured after the
device has been encapsulated. The ADD without an addi-
tional quenching resistor must be appropriately biased. At this
point, the avalanche junction is operated in Geiger mode and
the avalanche pulse is generated. The signal from the collect-
ing electrode is amplified by the charge-sensitive preamplifier
and the main amplifier, and then is observed on the oscillo-
scope. The dark avalanche pulse is measured. For analyzing
the count rate of the photo-induced avalanche pulse, the count
rate of the dark avalanche pulse is considered as a reference
rate.

To study the optical response, an ordinary solar spec-
trum lamp in the NDL, an infrared laser with a wavelength of
850 nm, and a green light-emitting diode (LED) with a wave-
length of 525 nm are used to illuminate the entrance window
of the ADD respectively, through a fibre probe with a diameter
of 120 um. By using a function generator to drive the laser or
the LED, the incident light intensity and the frequency can be
modulated.
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5. Results

The typical I-V characteristics of the avalanche junction
of the fabricated ADD are shown in Fig. 9, in which double in-
flection point appears and indicates the self-quenching mech-
anism. The leakage current is less than 0.1 nA; the breakdown
voltage is approximately 25 V.
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Fig. 9. Typical /-V characteristics of the avalanche junction of a fabri-
cated backside-illuminated ADD.

The avalanche junction is characterized while the inner,
outer drift rings, and the back electrode are biased at —0.3 V,
—6.4 V, and —18.0 V, respectively. It is the typical operat-
ing condition. Additionally, the collecting electrode is biased
at 27 V to ensure that the avalanche junction is operated in
Geiger mode.

The dark pulse is measured for the ADD under the typical
operating conditions. The count rate shown in Fig. 10 is only
6.5 kHz. The size of the avalanche junction is much smaller
than that of the active region; therefore, the ADD has a low
dark rate and low dark current.
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Fig. 10. Dark pulse of the fabricated backside-illuminated ADD under
the typical operating conditions.

The detector is illuminated with the pulsed light, and the
experimental results are shown in Figs. 11 and 12.

For the case of Fig. 11, the green LED is triggered at a
frequency of 1 MHz. When the driving voltage increases, the
incident light intensity and the avalanche pulse counts increase

correspondingly; however, the count of the photo-induced
avalanche pulses is low and the highest count is 20 kHz only.
The photo-induced avalanche pulse reduces the amplitude as
the incident light intensity increases.
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Fig. 11. Variations of the count and the amplitude of the photo-induced
avalanche pulse with driving voltage on LED, whose driving frequency
is fixed at 1 MHz. The ADD is under the typical operating conditions.

The avalanche pulse count shown in Fig. 12 apparently
increases as the triggering frequency increases, with the driv-
ing voltage fixed at 3 V. For the triggering frequency above
1 MHz, the avalanche pulse count begins to decrease.
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Fig. 12. Variation of the avalanche pulse count with triggering fre-
quency at LED, whose driving voltage is 3 V. The ADD under the typi-
cal operating conditions.

6. Discussion

Based on the simulations and analysis, the experimental
results on the backside-illuminated ADD of the NDL are dis-
cussed as follows.

Firstly, the self-quenching mechanism can be explained
by analyzing the electric field and the current density dis-
tribution. The conclusion is that the avalanche process is
quenched by the change in the electric field. As shown in
Fig. 4, avalanche multiplication first takes place at the reverse-
biased NT-P junction, which operates in Geiger mode, with-
out illumination. The multiplied electrons are collected by the
collecting electrode. Meanwhile, the multiplied holes are col-
lected by the forward-biased P-N junction beneath the N*—
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P junction, because it acts as a potential well of approxi-
mately 0.5 V=0.7 V. If the accumulation of holes in the po-
tential well leads to a sharp decrease in electric field in the
avalanche region, the avalanche process in the NT—P junc-
tion will be quenched. After that the avalanche process is
stopped; the accumulated holes drift into the substrate and
are finally collected by the N-P* junction formed between the
substrate and the back electrode or the drift rings. Therefore,
the dark avalanche pulse is observed in characterization of the
presented ADD without an additional quenching resistor.

Under illumination, the incident photons enter into the
depleted bulk through the entrance window and generate
electron—hole pairs. There has been a rise in the concentra-
tion of holes in the substrate. Many multiplied holes generated
in the avalanche process cannot diffuse from the P-enriched
region into the N substrate; as a result, the potential in the
P-enriched region is raised. Since the applied voltage to the
collecting electrode is unchanged, the electric field intensity
in the NT—P avalanche junction is reduced. Consequently, the
amplitude of the avalanche pulse decreases, which is in ac-
cordance with the variation trends shown in Fig. 11. If the
incident light intensity continues to increase, the electric field
will become too low to trigger avalanche multiplication, and
the photo-induced avalanche pulse will disappear.

The photoelectrons generated in the silicon bulk are
driven by the drift field along the drift path shown in Fig. 3,
and then enter into the N™ region, where the positive voltage
is maximized. For a one-sided abrupt junction, the high field
region is primarily located on the side with low dopant concen-
tration. Thus, the high field region of the avalanche junction is
distributed on the P-enriched side. Most of the photo-electrons
drifting to the N region are directly removed by the collecting
electrode, and they do not pass through the high electric field
region. Only a few electrons enter into the high field region
and trigger avalanche multiplication. Therefore, the counts
of the photo-induced avalanche pulses shown in Fig.11 are
low. Of course, the greater the number of photo-electrons gen-
erated by the illumination, the more the avalanche processes
triggered by the photo-electrons are.

Considering the self-quenching mechanism, to stop an
avalanche process requires a finite time. The accumulation
of holes in the potential well requires a few nanoseconds to
trigger a sharp decrease in the electric field in the avalanche
zone; the time is also required for the process, by which the
holes from the P-enriched region diffuse into the substrate and
drift toward the back electrode and the drift rings. When the
pulsed light is modulated too rapidly, the self-quenching pro-
cess and the sequential avalanche process probably have no
enough time to finish, hence the avalanche pulse counts at
the high frequency (above 1 MHz) are degraded as shown in
Fig. 12.

According to the above discussion, some conclusions on
the presented backside-illuminated ADD can be obtained as
follows.

1) The avalanche process is quenched by the change in
high electric field, which affects the gain for avalanche multi-
plication.

2) The avalanche multiplication is not independent of the
active region and the substrate. There are many holes and a
large bulk leakage current in the depleted bulk.

3) Most photo-electrons do not enter into the high electric
field zone, thus they cannot effectively trigger the avalanche
multiplication.

4) A long time is required to quench an avalanche process.

Because the photo-electrons are generated in the depleted
bulk and drift towards the central region to trigger avalanche
multiplication, the structure of the avalanche junction must be
a heavily doped N* region surrounded by a lightly doped P
region. In practice, it is too difficult to control the critical con-
ditions of the lightly doped P region that is fully depleted while
the central P-N junction is operated in Geiger mode. The large
hole current flows to the depleted bulk from the P region, or
the P region is partially depleted and is still neutral. Therefore,
the photo-electrons generated in the depleted bulk barely en-
ter into the high electric field of the central P-N junction and
trigger the avalanche multiplication.

These limitations obtained from the research of the
MPI and the NDL restrict the development of the backside-
illuminated ADD. The improvement on the fill factor
through fabricating a novel SiPM integrated by the backside-
illuminated ADDs is not easy to realize. If the critical condi-
tions could be controlled appropriately during the fabrication
and the application, and if the structure could be adopted that
the multiplied holes transporting in the avalanche region are
independent of the collection of photo-electrons, an excellent
backside-illuminated ADD could be fabricated.

7. Conclusions

To improve the PDE of SiPM, the concept of the
backside-illuminated silicon ADD is investigated as a basic
building-block of SiPM. Because of the creative structure, the
backside-illuminated silicon ADD promises a high PDE over
the full wavelength range of optical photons and even for ul-
traviolet light and X-ray.

A newly developed backside-illuminated silicon ADD is
designed and fabricated at the NDL using silicon planar tech-
nology including ion implantation and double-sided lithog-
raphy with infrared alignment. Simulations of the electro-
static potential distribution, the electric field distribution, and
the current density distribution are performed by using ISE-
TCAD. For the fabricated and encapsulated detector, the elec-
trical and photoelectric performances are tested. On the ba-
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sis of the device physics and the preliminary results from the
NDL and the MPI, some limitations and prospects in the de-
velopment of the backside-illuminated ADD are presented and
analyzed.
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