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Abstract

Miniaturization of optoelectronic devices offers tremendous performance gain. As
the volume of photoactive material decreases, optoelectronic performance improves,
including the operation speed, the signal-to-noise ratio, and the internal quantum
efficiency. Over the past decades, researchers have managed to reduce the volume of
photoactive materials in solar cells and photodetectors by orders of magnitude. For
example, from the very beginning, the thickness of the solar cells is around 300 pm. Up
to now, the most recent thin film based solar cell is developed to just around 5 um,
while the efficiency keeps the same. The method to reduce the volume of the
semiconductor materials could be grinding, chemical etching or thin film lift-off by
stress defoliation. Up to now, the thin film lift-off by stress defoliation is among one of
the most famous method, since the material substrate can be recycled after the thin film
lift-off. By using the thin film lift-off method, materials less than 100 nm thick can be
obtained, this ultrathin semiconductor material holds great promise for developing high
operation speed, mechanically flexible yet still high detection efficiency photon
detection devices.

However, two issues arise when one continues to thin down the photoactive layers
to the nanometer scale (for example, <100 nm). First, light-matter interaction becomes
weak, resulting in incomplete photon absorption and low quantum efficiency. Simple
calculation can show 100 nm silicon thin film absorption over the near-infrared

spectrum (from 700 nm to 1000 nm) is less than 5%. Second, it is difficult to obtain



ultrathin materials with single-crystalline quality. The thin film lift-off using stress
defoliation cannot be easily applied to ultrathin semiconductor materials since it is too
fragile under stress. This work introduces a method to overcome these two challenges
simultaneously. It uses conventional bulk semiconductor wafers, such as Si, Ge, and
GaAs, to realize single-crystalline films on foreign substrates that are designed for
enhanced light-matter interaction. The semiconductor thin films are obtained from
semiconductor-on-insulator wafers by the method of wet etching undercut and
membrane release. We use a high-yield and high-throughput method to demonstrate
nanometer-thin photodetectors with significantly enhanced light absorption based on
nanocavity interference mechanism. These single-crystalline nanomembrane
photodetectors also exhibit unique optoelectronic properties, such as the strong field
effect and spectral selectivity. The spectral selectivity can be further exploited to
develop a chip-scale, broadband spectrometer for hyperspectral imaging/sensing
purposes. Later, we focus the discussion on the singe-photon avalanche photodetector
using micron-meter thin semiconductor membrane. By using this ultrathin
semiconductor membrane, the single photon detector we developed can be
mechanically flexible.

To make a brief conclusion, the ultrathin semiconductor membrane can be used
for efficient imaging/sensing purpose. The purpose can vary in different condition,
whether it is for wavelength selective, hyper-spectral sensing or single-photon level

imaging.
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Abbreviations

a: material absorption coefficient

k: material extinction ratio

n: photo detector quantum efficiency

p: material electron/hole carrier mobility

A: light wavelength

o: light frequency

APD: Avalanche photodiodes

SPAD: Single-photon avalanche photodiodes

o: semiconductor materials ionization ratio

€: The triggering probability of a single-photon avalanche photodetector when photon
1s absorbed in the device and an electron/hole pair is generated
SOLI: silicon on insulator

GeOl: germanium on insulator

FSI: Front side illumination

BSI: Back side illumination
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1 Introduction
1.1 Motivation

Miniaturization of electronic and optoelectronic device is the constant goal for
electrical engineers, since scaling down the device size could offer better working
performance (higher operation speed!?, lower power consumption®) and more
competitive fabrication cost. Due to this reason, the past decade witnessed a rapid
growth of ultrathin and atomically thin electronics and optoelectronics devices due to
the advances in the development of new two-dimensional (2D) and ultrathin nano-
membrane materials®®. For example, the atomically thin, 2D graphene material has
very high electron mobility due to its unique electronic band structure. Engineers from
IBM Company have demonstrated that an ultra-fast graphene photo detector with photo
response speed over 500 GHz!. Some other 2D material, like molybdenum disulfide
(MoS.), exhibit very high photo response gain®. Such high photo response gain can be
exploited to detect single-photon level light source when the material is used as photon
absorbing and silicon substrate is used as carrier transit layer®. Many other unique
electronic, mechanical and optical properties can be found in publications, these
findings pave the way for future applications such as quantum computing'?, efficient
energy harvesting!! or high-performance mechanical materials'? for industry purpose.
On the other hand, 2D versions of conventional semiconductor materials (e.g. silicene
and germanene) also received great interest due to their excellent optoelectronic

13,14

properties and compatibility with current mature silicon-based electronics and



silicon complementary metal-oxide-semiconductor (CMOS) circuit processes'> 7. Si-
and Ge-based 2D or ultrathin materials are particularly attractive since they can be
readily integrated with existing electronic devices/structures while other 2D materials
require significant efforts to overcome this technical barrier in monolithic integration.
Although these new thin film materials opened opportunities for electronics and
optoelectronics, their ultrathin or atomically thin nature resulted in intrinsic limitations
or challenges. For instance, in most thin-film energy harvesting/conversion applications,
there is a long-existing trade-off between optical absorption and thickness of
semiconductor materials. When the absorptive materials are scaled down to ultrathin
(e.g. sub 50 nm) or atomically thin (e.g. sub 5 nm) dimensions, their light-matter
interactions such as optical absorption, energy conversion efficiency or nonlinear
optical responses are weak. Consequently, absorption enhancement strategies will
introduce revolutionary advances to these ultrathin film materials/devices.

Recently, thin-film interference in lossy, ultrathin semiconductor layers received
extensive research efforts due to their potential applications for integrated optical
filters'®, high-efficiency ultrathin film energy harvesting devices'”, and energy
conversion materials/structures?’. For instance, 5-20 nm Ge thin films were coated on
flat Au surfaces to exploit strong interference effects and achieve high absorption at
resonant wavelengths in the visible to near infrared (IR) spectral region®!. However, in
this resonant absorption mechanism proposed by Kats et al??, a large fraction of the

light can penetrate into the metal reflector and obtain a large phase change, which will



inevitably introduce optical loss in the metal film. For instance, the total peak
absorption of a 3.1-nm-thick Ge film on Au film is 81% at the wavelength of 488 nm
with only 31% absorbed by the top Ge film. Therefore, to develop efficient energy
harvesting devices, the optical absorption in the metal reflector has to be minimized. To
overcome this limitation, in a recent report?’, a lossless phase compensation layer is
introduced between the top ultra-thin film and metal back reflector to maintain the
spectrally tunable resonant absorption condition in a planar absorptive nano-cavity. As
a result, we demonstrated over 60% resonant absorption within a 1.5-nm-thick
amorphous Ge film (approximately 6 atomic layers thick). Importantly, the phase-
change penetration into the metal reflector with finite optical conductivity is
unnecessary so that metals with better conductivity such as silver or aluminum can be
used to realize the significantly enhanced absorption in ultra-thin layers instead of Au
films employed in Kats et al*!. Particularly, an ultrathin active layer is promising to
significantly enhance the carrier extraction and quantum efficiency. Therefore, this
architecture will enhance the light-matter interaction of ultra-thin absorbing films and
overcome the limitation between the optical absorption and film thickness of energy
harvesting materials. This novel optical cavity structure can greatly enhance the photo
detector performance. By integrating nano-meter thick, single crystalline
semiconductor thin film with this nano-cavity interference mechanism, strong
absorption could be achieved. The interference mechanism could be further exploited

to achieve wavelength selective absorption property to replace the current bulky,



expensive spectrometer devices. Furthermore, due to the significantly reduced volume
of the active material, the thermal noise can be reduced accordingly. Importantly, due
to the CMOS compatible processes, the proposed single-crystal semiconductor
membrane with optical nano-cavity integration can be fabricated over large scale (e.g.
wafer scale), which is superior over current 2D-material-based optoelectronic devices.
1.2 Background—Optoelectronic properties of semiconductor

materials
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Figure 1.1: Bandgap structure of direct band gap semiconductors and indirect band gap
semiconductors

The band gap structure is the key parameter deciding the optoelectronic property
of the semiconductor. The semiconductor can only absorb the photon when the photon
energy is equal or larger than the semiconductor band gap. Fig.1.1 shows two typical
band gap structure, which is direct band gap and indirect band gap. The typical direct
band gap materials are InP, GaAs, GaN, InAs or GaSb, the typical indirect band gap
materials are Si, Ge, CdS or GaP. Compared with the direct band gap materials, the
indirect band gap materials can only absorb the photon with the phonon assist. The

phonon can change the momentum vector of the electron so that the photo generated



electron carriers can be excited to the conduction band and become free electrons.
Therefore, theoretically, direct band gap materials show higher efficiency when
absorbing the light. However, it is expensive to obtain the direct band gap materials, so
silicon and germanium are two typical materials that the industry is currently using to
fabricate the photo detection devices.

To quantitatively characterize the absorbing ability of a semiconductor, a figure-
of-merit termed as absorption coefficient is used. The absorption coefficient determines
how far into a material light of the wavelength can penetrate before it is absorbed by
the semiconductor. For example, in a material with a low absorption coefficient, light
is only poor absorbed, and if the material is thin enough, the material can appear
transparent to the corresponding wavelength. The absorption coefficient depends on the
material and also on the wavelength of light which is being absorbed.

Fig.1.2 shows the absorption coefficient of six types of semiconductor. Notice that
semiconductor materials have a sharp edge in their absorption coefficient, since light
which has energy below the band gap does not have enough energy to excite an electron
into the conduction band from the valence band. Consequently, this light is not absorbed.
When the light can be absorbed by the semiconductor, the value of the absorption
coefficient is decided by the wavelength, as can be seen in Fig.1.2. The probability of
absorbing a photon depends on the likelihood of having a photon and an electron to
interact in a way that the electron can move from the valence band to conduction band

to become a free electron carrier. For the wavelength which the photon energy is slightly



higher or equal to the band gap energy, only electrons around the valence band edge
can interact with the photon, hence, the absorption coefficient is very low. As the photon
energy increases, more electrons in the valence band can interact with the photon.

Therefore, the absorption coefficient increases when the photon energy increases.
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Figure 1.2: Absorption coefficient with six types of semiconductor in the room temperature of 300K

The absorption coefficient a, is defined by the following equation: a = 4mk/A,
where A is the light wavelength and k is the material extinction coefficient. Another
parameter often used to describe the absorption ability of one material is termed as
absorption depth, which is defined as inverse of the absorption coefficient, which is a~?.
The absorption depth describes the penetration depth at which the intensity drops to

about 36% of its original intensity. The larger the absorption depth is, the weaker the

material can absorb the light.



1.3 Background—Properties of different types of photo detector and
their major applied area

The semiconductor absorbs light and convert the photon energy into free electron-
hole pairs. There are several designs of photo detector to extract those electron-hole

pairs, which is photoconductor, photodiode, avalanche photodiode, and single-photon

avalanche photodiode.

1.3.1 Photoconductors
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Figure.1.3: Schematic figure of a typical photoconductor and current-voltage response of a

photoconductor under dark condition and light condition

Fig.1.3(a) shows the schematic diagram of a typical photoconductor, which is
mainly composed of the absorbing semiconductor layer and the two metal electrodes
for electron-hole pair collection. As the light incident on the semiconductor layer and
being absorbed, free electron-hole pairs are generated in the semiconductor. More
generated electron-hole pairs in semiconductor means the resistance of the

semiconductor slab will drop accordingly, which results in the change of the current-

1.0



voltage behavior. Fig.1.3(b) shows the typical current-voltage behavior of a fabricated
photoconductor, the current increases very significantly when the photoconductor is
brought from dark condition to the ambient light condition. Because the photo sensing
area is usually in the order of tens of mm? scale, the operation speed of the
photoconductor is not high, typically lower than 10 MHz, since the electron-hole carrier
transit time is in the order of micron-seconds. Yet the photoconductor is still commonly
used in lots of area where the high-speed photo detection is not required. For example,
the street-light detection, camera light meters or low-cost infrared light detectors are
the most usual case where the photoconductors are being used.

1.3.2 Photodiodes
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Figure.1.4: Schematic figure of a typical photodiode and current-voltage response of a photodiode

under dark condition and light condition

A photodiode is composed of p-i-n doped region in one semiconductor slab, anode
electrode and cathode electrode. Because of the doping profile, a depletion region can

be formed in the semiconductor slab. The depletion region has much higher resistance




than the doped region, therefore, most voltage is biased at this depleted region. Fig.
1.4(a) shows the schematic diagram of a typical p-i-n photodiode. Reverse bias is added
to the device to keep the intrinsic region depleted. Fig.1.4(b) shows the typical current-
voltage behavior of the photodiode. When the reverse voltage is added, current keeps
at an almost constant level, once the photon is absorbed in the intrinsic region, the
electron-hole pairs can be extracted to the cathode and anode respectively and collected
by the reading circuit. A typical parameter termed as the quantum efficiency is used to
describe the detection efficiency of one p-i-n photodiode. Quantum efficiency is defined
as the number of generated electron-hole pairs by absorbed photon divided by number
of all photon incident on the device. An ideal photodiode can have close to unity
quantum efficiency?*. Therefore, for a given quantum efficiency, the photo responsivity
can be calculated. The equation is as follows: R =n X A/1.24 (A/W), where R
represents photo responsivity, n is quantum efficiency and A the light wavelength.
Because of existence of intrinsic layer, the photodiode can operate at high speed (up to
50 GHz) (cite here). The major applications of the photodiode are for optical receivers
in optical communications, photovoltaic solar cells and high sensitivity infrared photo
detection.
1.3.3 Avalanche photodiodes

The avalanche photodiode is similar with the common photodiode, which is
composed of the p-i-n doped semiconductor slab. The difference of the avalanche

photodiode is the added reverse voltage bias. An avalanche photodiode works in higher
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reverse voltage bias. Under higher reverse voltage bias, the photo generated free carriers
will be accelerated and cause impact ionization during the carrier drift period®>-%°. Thus,
the photo generated signal can be amplified during this impact ionization. Fig.1.5 (a)
shows the typical current voltage behavior of an avalanche photodiode. The avalanche
photo current gain can be calculated as follows: G = (I, — laark)/laark, Where the
L, represents the current under ambient light condition, /s« represents the current
under the dark condition. Both the dark current and the light current increases when the
reverse voltage increases. The calculated avalanche gain can be seen in Fig.1.5 (b). The
typical gain for an avalanche photodiode is around 5 ~ 20. Under this avalanche gain,
the photo response and the detector noise reach the optimized point. A figure-of-merit
termed as the product of gain and bandwidth is used to quantify the avalanche
photodiode. The highest gain and bandwidth product so far was obtained by InGaAs
avalanche photodiode, which is about 424 GHz?’. The typical application for avalanche
photodiode is used as high sensitivity, high speed avalanche receiver for optical
communications®®%,
1.3.4 Single-photon avalanche photodiode

The single-photon avalanche photodiode can record very weak signal down to
single photon level®. The detector works in the region called as Geiger mode. In this
mode, one pair of photon-generated carrier can trigger the p-i-n junction to mA level of
current. The reason is, under the Geiger mode, the impact ionization caused by one

electron-hole pair can be sustained in the junction region if the voltage bias is kept the
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same value, which means the current can go to infinity value. Therefore, the device
needs to be quenched after the singe-photon detector is triggered. During the quenching
time the device cannot detect the incoming light signal until it is fully quenched to its
original state. Therefore, the quenching time is called as the dead time of the single-
photon avalanche photodiode. The typical dead time of a single-photon avalanche
photodiode is around 5 nano seconds®!. A quenching circuit needs to be designed for
the single-photon avalanche photodiode. To record the avalanche event, a monitoring
oscilloscope is needed to record the avalanche voltage pulses. The best material used
for single photon detection is silicon, since it is easy and not expensive to fabricate, low
dark current and has very high impact ionization ratio compared with the other
semiconductor. The silicon based single-photon avalanche photodiode is mainly for
visible wavelength and near-infrared wavelength photo detection”>. For the
telecommunication wavelength, InGaAs based single-photon avalanche photodiode are
generally used. However, there are usually expensive. These days the germanium on
silicon single-photon avalanche photodiode is developed and this type of device can
replace the InGaAs based one and offer a more cost-competitive price. The typical
application for single photon avalanche photodiode is the bio-fluorescence detection®?,
Light Detection and Ranging (LIDAR)* and none-line of sight imaging>*.
1.4 Background — Recent developments of photo detectors

An ideal photodetector has fast operational speed, high detection, and ultra-low

noise. Yet these three factors are very difficult to achieve at the same time. For example,
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the graphene-based photo conductor can reach very high operation speed (up to 500
GHz) due to its Dirac-cone electronic band structure. However, since graphene has no
band gap, the dark current is very high?, resulting in high detector shot noise, and since
the graphene is atomic thin material, the absorption for each atomic layer for graphene
is only about 2%?>°. To reduce the detector noise and increase the absorption efficiency,
bulk silicon with anti-reflection coatings is the optimal choice!®*¢. The quantum
efficiency of one recent work reaches close-to-unity value for a bulk silicon-based
photodiode with black silicon anti-reflection coatings. Whereas the photo response
speed is calculated only to be around 1 GHz, since the large volume photodiode photo
response speed is limited by the carrier transit time. To increase the photo response
speed while still keeping the dark current low, a very thin semiconductor p-i-n
photodiode can be designed and fabricated’’. As seen in the most recent work, the
photodiode transient photo response is about 12 picoseconds, which corresponds to
about 10GHz photo response speed.
1.5 Scope of the dissertation

This dissertation mainly focuses on developing high absorption efficiency, low
dark current noise photo detection devices based on ultrathin semiconductor
membranes. Compared with bulk semiconductor materials, thermal noise can be greatly
suppressed due to the reduced volume of photo detecting material. To overcome the low
absorption of the thin semiconductor membrane, we adopted several methods to

increase the absorption efficiency of the semiconductor membrane, including the
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integration with the external optical nano-cavity, or fabrication of inverted-pyramid
structure directly in the semiconductor membrane. Both ways show the absorption
efficiency can be greatly enhanced. This enhancement brings the thin film-based photo
detection devices comparable with the one commercially available in the market. Since
it is thin film, more functionalities can be exploited in this device system. These
functionalities are the key issue we are going to discuss in this thesis, since many of the
functionalities can outperform the commercial product and enable wider applications
for photo detection devices. At last two chapter of the thesis, I will focus on the design
and fabrication of single photon detector by using the ultrathin semiconductor
membrane. The traditional single photon detector is usually made from bulky materials,
while the ultrathin-based one can be made into flexible single photon detector, which is
very useful for implantable bio-fluorescence detection for diseases and for retinal
prothesis. The ultrathin membrane based single photon detector can be a great candidate

for future advanced bio-fluorescence single photon detection or single photon imaging.
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2 The employment of semiconductor membrane for photo
detection and its unique optoelectronic properties
2.1 Introduction

Recently, ultrathin semiconductors (e.g. silicon (Si)/germanium (Ge) nano-

3839 and two-dimensional (2D) materials***? have emerged as attractive

membranes
building blocks for miniaturized optical/optoelectronic devices. To enhance the light
matter interaction, thin-film interference in lossy, ultra-thin semiconductor layers
received extensive research efforts?! due to their potential applications for integrated
optical filters'®, high-efficiency ultrathin-film energy harvesting devices*, energy
conversion materials/structures** and dynamic wave shaping meta-surfaces*. For
instance, 1 ~ 20 nm Ge thin films were coated on flat metal films to exploit strong
interference effects and achieve high absorption (i.e., 65% ~ 95%) at resonant
wavelengths in visible to near infrared (IR) spectral region*’. However, all these works
are based on amorphous semiconductors, which are usually achieved by sputtering or
evaporation processes. Since obtaining single crystal materials is difficult by these two
above methods. Consequently, their optoelectronic device performance?? is far inferior
to those crystalline-material-based counterparts. Although single-crystalline films can
be obtained through rapid melt growth (RMG)**’ wafer bonding*® and/or epitaxial
growth*®, each of these methods has its limitations. For example, the RMG method will

introduce high temperature process flow (> 900 °C) to re-crystallize the Ge material.

The wafer bonding method will require the substrate removal after the process and the
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epitaxial growth needs very thick buffer layers. Fabrication of crystalline thin films on
foreign substrates turns out to be critically important for ultra-thin optoelectronics. The
recently emerging membrane transfer technology provides a promising way to enable
the combination of crystalline thin films with foreign substrates®®. In particular, the
foreign substrate can be designed with effective photon management functionalities to
greatly enhance the weak light absorption in ultra-thin materials. Here we demonstrate
a new method to realize high-performance ultra-thin optoelectronic devices based on
nanocavity enhanced mechanisms. Using single-crystalline semiconductor membranes
on functionalized nanocavity substrates, we achieve strong light-matter interaction
within nanometer-thick Ge films. While we use Ge as an example to demonstrate a
high-performance photodetector, our method, however, can be applied to other
semiconductors (including 2D materials’*® to enable the development of improved ultra-
thin optical/optoelectronic devices.
2.2 Fabrication method of semiconductor membrane
2.2.1 Fabrication and characterization of the lab made GeOI wafer

We used the smart-cut process®! to fabricate the GeOI. The process started with a
p-type (gallium doped) 4-inch bulk Ge wafer. We ion-implanted a uniform H+ layer in
the germanium wafer with a dose of 11077 cm™ and an energy of 100 KeV. A H+ peak
position (RP) was carefully designed at 700 nm from the Ge surface to acquire a 400-
nm-thick Ge layer after the exfoliating process. A 1-um-thick SiO; layer on Si wafer

was obtained by thermal oxidation as the buried oxide (BOX) layer. Then the Ge wafer



16

was flipped over. The Oz plasma was used to clean both surfaces for bonding. The wafer
bonding process was performed using the EVG Wafer Bonding System (EV 801) under
the vacuum of 7x107° mbar. After that, a two-step, low temperature annealing at 200°C
and 250 C was carried out in a nitrogen-filled oven to achieve the exfoliation of the Ge
wafer. The purpose of two temperature steps is to prevent the wafer cracking during the
temperature rising process. The Ge membrane was very rough after the exfoliation and
a Chemical Mechanical Polishing (CMP) process was required to polish the Ge

membrane surface and thin down the Ge layer to the desired thickness (100 nm).
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Figure 2.1: Smart-cut™ based process flow of the GeOl
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Figure 2.2: Lab-made 4-inch GeOl wafer.

To characterize the lab made GeOl, we used the Panalytical X'"Pert MRD high
resolution X-ray diffraction (XRD) to characterize the single crystallinity of the
germanium membrane. Fig.2.3 shows the XRD result of the GeOI with a peak at 33.1°,
confirming the singe crystallinity. The fringes on both sides of the peak are introduced
by the X-ray interference with the 100-nm-thick Ge nanomembrane. The interference
fringes indicate that both sides of the Ge nanomembrane are smooth and flat. We also
use the Horiba LabRAM ARAMIS Raman spectroscopy to characterize the GeOl. As
shown by Fig.2.2, the fabricated GeOI has the same peak location of 300.9 cm™ as the
Ge wafer, confirming that the fabricated GeOl is stress and strain free. We then used
the van der Pauw approach to measure the carrier concentration and carrier mobility of

the p-type GeOl, as shown in Fig.2.5.

10°
——100-nm-thick GeOl

10° (004) Ge

Counts

10 —
32.0 32.5 330 33.5 34.0

@26 (degree)
Figure 2.3: High resolution X-ray Diffraction (XRD) results of the 100 nm Germanium/1-pum-thick

Si10,/Silicon wafer.
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Figure 2.4: Raman scattering result of a fabricated GeOlI wafer compared with that of a bulk

germanium wafer. The same peak position indicates the GeOl is strain and stress free.

Parameter P-Type GeOl
Sheet Resistance (Rs) 617.7 Q/o
Hall Coefficient (Rn) 97.9 m?*/C

Carrier Mobility (up) 393 cm? V'1:S™! (hole)

Carrier Concentration 1.447x10"8 /cm?

Figure 2.5: Electronic properties of p-type GeOI sample.

Figure 2.6: The GeOI sample used for the van de Pauw measurement. The silver paste is used for the

18
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electrical contact.

2.2.2 Semiconductor transfer print process

In this work, we first employed the membrane transfer method>®>? to realize the
integration of crystalline semiconductor films with a foreign substrate, as shown in
Fig.1a. Since transfer printing method is a quick and high yield way to print membrane
to any pre-designed substrate, while the wafer bonding technique or Smart-cut™
method strictly require the target bonding substrate be atomically flat, otherwise the
yield is very low. We started from a Ge-on-insulator (GeOI) wafer (Fig.2.2) as the
source wafer. The thicknesses of the top Ge layer and the insulator layer of SiO; are
100 nm and 1 um, respectively. The fabrication and characterization details of the GeOl
wafer can be found in Fig.2.1 — 2.3. We then released the top Ge membrane using
hydrofluoric acid (HF) (Fig.2.7 (a)) and transferred it onto a foreign substrate using
Polydimethylsiloxane (PDMS) (Fig.2.7(b)). Finally, we used low-power dry etching to
thin down the membrane to the desired thickness (Fig.2.7(d)). Fig.2.9 shows the optical
microscope images of transferred Ge membrane samples. The substrate was designed
to enhance the light absorption in Ge membranes. It consists of three layers: i.e., a top
Al>0s3 layer, a middle silver (Ag) layer and a Si substrate. The top Ge film thickness,
measured by atomic force microscopy (AFM), ranges from 10 to 60 nm. These films

exhibit different colors under the white light illumination because of the optical

interference (Fig.1b).



20

(i). Lab-made GeOl (ii). PDMS Transfer Printing

i

(iii). Printing onto
foreign substrate

(iv). Plasma gas thin down

Figure 2.7: Schematic of the fabrication process flow of the Ge nanomembranes on foreign substrates.
The lab made GeOI was used as the source wafer and the membrane transfer printing method was then
employed to transfer the Ge membrane onto a foreign substrate. Subsequent thin down process was
adopted to obtain the desired Ge thickness (10 ~ 60 nm).

To reveal the crystal quality of the Ge membrane, we performed high-resolution
X-ray diffraction (HR-XRD) characterization. Fig.2.8 shows the (004) »-20 triple axis
scans. A clear peak at 33.1° (red line) confirms the single crystallinity of transferred Ge
membranes>. In comparison, we also examined an evaporated and annealed Ge film
with the same thickness. In this experiment, the evaporated amorphous-Ge film was
annealed at 500 °C to improve the crystallinity®*. This type of poly-crystalline Ge film
was typically used to fabricate Ge photodetectors on foreign substrates using low
temperature processes”. However, no peak was observed at 33.1° for the blue line in
Fig.2.8, which indicated the lack of single crystallinity. This comparison reveals the
advantage of our membrane transfer method in the quality of Ge films, which is

important for the performance of photodetectors. Another peak in Fig.2.8 at the angle
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of 34.6° comes from the (100) Si substrate, which is observed in both samples. Fig.2.8(a)
shows the Raman spectroscopy of these two samples. One can see a single peak at the
wavenumber of 300.9 cm-1 for the transferred Ge membrane, which is another
signature of the single-crystalline Ge film>*. In contrast, multiple peaks were observed
in the evaporated and annealed Ge film. These peaks are attributed to the Ge-Hx and
second order of Ge-Ge bonds formed in the annealing process®®. Both the XRD and
Raman results show excellent crystalline properties of the transferred Ge films. Next,
we discuss the design of the foreign substrate to enhance the light-matter interaction

within this crystalline thin film.
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Figure 2.8: (a) Triple axis HR-XRD scans of our transferred crystalline ultra-thin Ge (red) and
evaporated amorphous-Ge (blue) films. The thicknesses are both 20 nm. (b) Raman scattering results of
the two samples. The Raman signal of the transferred Ge membrane shows the typical single peak (300.9

cm!) of single-crystalline Ge materials.
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Figure 2.9: Optical microscope image of ultrathin Ge (10 ~ 60 nm), which is transfer-printed on
Al,O3/Ag/Si substrates. The scale bar is 75 um for all five sub-figures.

2.3 Optical characterization of semiconductor membrane

Predesigned foreign substrates allow us to use functionalized nanocavity structure
to greatly improve the light absorption in nanometer-thin Ge films. The absorption
depth of Ge varies from approximately 120 nm (at the wavelength of 700 nm) to 390
nm (at the wavelength of 900 nm), much thicker than our thin films. In this case, the
absorption in a 20-nm-thick region is less than 16% in this wavelength range. To
overcome this limitation of weak absorption, we use layered substrate that consists of
a 220-nm-thick lossless dielectric spacer and a reflective Ag mirror to form a
functionalized nanocavity structure (Fig.2.10). The function of the lossless dielectric
spacer is working as a phase shifter, also the refractive index contrast between Al,O3/Ag
is larger than the previous work of Au/Ge, larger refractive index make the optical loss

in the metal film become less.
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Figure 2.10: The schematic of ultrathin Ge (20 nm) nanomembrane on the foreign substrate. The

schematic of a traditional epitaxial Ge on Sio.75Geo.s buffer layer/Si substrate.

As shown by the solid line in Fig.2.11, the numerical simulated absorption in a 20-
nm-thick Ge membrane on a 220-nm-thick Al,O3/Ag cavity reaches 81% around the
resonant wavelength of 733 nm. The spatial distribution of light absorption, obtained in
a simulation based on the finite element method, shows enhanced absorption in the
ultra-thin layer of Ge (Fig.2.11(c)). In contrast, the absorption in ultra-thin crystalline
Ge films without photon management is weak. For example, ultra-thin crystalline Ge
films can also be fabricated using epitaxial growth, as illustrated in Fig.2.11(d). But the
substrate should be a SiGe buffer layer to fulfill the lattice matching condition. Under
this situation, the same Ge film only absorbs less than 10% of the incident light at 733
nm, as shown in Fig.2.11(d). The spatial distribution of light absorption in this system
is shown in Fig.2.11(d), with the same color map in Fig.2.11(b), showing obviously
weaker absorption within the 20-nm-thick Ge film. Therefore, the foreign nanocavity
substrate can significantly enhance the optical absorption within the ultra-thin

crystalline film, which is highly desirable for optoelectronic devices.
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Figure 2.11: (a) Absorption spectra (b) Spatial distribution of the absorption for the structure (c) The

spatial distribution of the absorption (d) Absorption spectra for the structure shown in (c¢). The color bars
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in (b) and (d) use the same scale for direct comparison.

2.4 Optoelectronic characterization of the semiconductor membrane
The schematic of a nanocavity enhanced photodetector device and its optical
microscope image are shown in Fig.2.12 (a) and (b), respectively. We first fabricated
this device and measured its performance under dark and illuminated conditions. In this
experiment, we placed a 17-nm-thick p-type (gallium-doped) Ge nanomembrane on a
220-nm-thick A1203/Ag cavity and obtained an absorption peak at 733 nm (dotted line
in Fig.2.11(b)), agreeing well with the theoretical prediction (solid line in Fig.2.11 (b)).
The slight difference in Ge film thickness should be attributed to the optical constant
difference of this p-type Ge film. In particular, the bottom Ag film serves a dual role of
mirror and gate electrode for this nanomembrane-based field-effect transistor device.
By using nickel/gold (Ni/Au) as the contact electrode, we realized an Ohmic-like
contact for the photoconductor, as shown by the current-voltage (I-V) sweep results in
Fig.2.12(c). We repeated I-V sweep under different illumination intensities by tuning
the monochromatic 733-nm light source from 42 nW to 2.45 uW. The photocurrent
(|AlIps|) at the bias of 1 V can be calculated by the equation |Alps| = |Ips - ldgark|, Where
the Ips is the drain-source current under illumination and lqar is the dark current. We
then plotted the photocurrent, |Alps|, as the function of the incident power, Pinc,
illuminated on the ultrathin Ge layer (25 um x 50 pm) as shown in the inset of
Fig.2.12(b). From the linear fitting of the photocurrent with the illuminated power, we

can extract the photoresponsivity (R) of this device to be 0.17 A/W (i.e., R = |Alpg| /
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Figure 2.12 (a) Schematic of an ultra-thin Ge photodetector on a nanocavity. (b) Optical microscope
image of ultra-thin Ge photodetector. Scale bar: 50 pum. (¢) The I-V curves of the p-type Ge
photoconductor under dark (black curve) and illuminated (colored curves) conditions. Inset: The
photocurrent shows a linear relationship with the illuminated power. (d) Calculated normalized-
photocurrent-to-dark current ratio (NPDR) with the illuminated power, and its comparison with a MoS2

photodetector.

One important figure of merit for metal-semiconductor-metal (MSM)
photodetectors is the normalized photo current to dark current ratio, which is expressed
as: NPDR=(|AIps|/ldark)/Pinc’’. A larger value of this parameter indicates the better
suppression of dark current without sacrificing the photoresponsivity. Considering the
previously reported MSM photodetector based on Ge wafers>®, the highest reported
NPDR, to our knowledge, was 3,158 mW-!. In contrast, under the bias of 1 V, the NPDR
of our device is in the range of 10* mW-! (Fig.3d), which is over one order of magnitude

higher than the previous work. In this experiment, we first investigated the stability of
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the NPDR by increasing the incident power, Pinc. One can see that the NPDR of our
ultrathin Ge sample (red dots) is relatively stable in the power range from 42 nW to
2.45 uW. For comparison, we also plotted the NPDR of a previously reported 2D
material device based on MoS; (blue dots)°. This device has an NPDR with a significant
change, from a value of 6.37x10* mW! at the low incidence power to 2.39x10> mW"!
(i.e., one order of magnitude lower) when the incident power reaches the uW level. This
drop was attributed to the saturation of the trap states with increased light intensity.
According to the relation between detectivity (D) and NPDR, which is expressed as:
D=NPDRx(I4ar/2q)"?, where the electronic charge gq=1.6x10"" C, this dramatic
decrease of NPDR indicates a decreased detectivity of the 2D material photodetector as
the optical illumination increases. However, the stable NPDR of our nanocavity sample
(red dots) renders a stable detectivity in the investigated incidence power range, further
demonstrating the high quality of the single crystalline Ge nanomembranes. The
slightly drop of our device NPDR mainly attributes to the dry etching of the Ge thin

film, in the etching process defects can be introduced.
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Figure 2.13: (a) Dark current of Ge membranes with different thicknesses. (b) NPDR comparison

between the Ge photodetectors with and without nanocavity structure (GeOI based).
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In addition to the stability of NPDR, the enhanced NPDR compared with previous
report®’ can be attributed to two mechanisms. The first one is the suppression of the
dark current, lgark, introduced by the ultrathin Ge film. In order to verify the suppression,
we fabricated photoconductors with various Ge thicknesses and measured their dark
currents. As shown in Fig.2.13(a), the dark current decreases from mA to nA level as
the Ge thickness reduces from 350 nm to 20 nm. Generally, ultrathin Ge
nanomembranes intrinsically bring about low absorption, which limits the photocurrent,
|Alps|, and thus results in a relatively small NPDR. By introducing the foreign
nanocavity, however, the absorption will be significantly enhanced, corresponding to
enhanced photocurrent, which is the second reason for the improved NPDR. To better
reveal the dependence of NPDR on absorption, we fabricated another photodetector
constituted by a GeOlI structure. The thickness of the SiO; in the GeOI sample is 1 um.
Since the thickness of the Ge film is similar to that in the nanocavity sample (i.e., 20
nm), the dark currents of the two samples were suppressed to a similar level. Fig.2.13(b)
shows the comparison of NPDR between these two photodetectors. One can clearly see
that, under the same bias, the nanocavity sample delivers one order of magnitude higher
NPDR (i.e., ~ 4x10* mW!) than that of the GeOI sample (~ 3x10° mW"). On the
respect of absorption, the absorption in the Ge layer of the nanocavity sample is 81%
(see Fig.2.11), which is also one order of magnitude larger than that of the GeOI sample
(6.1%, based on our simulation), demonstrating the contribution of the enhanced

absorption to NPDR. Furthermore, the gate-controlled performance of the
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phototransistors also takes advantage of the high absorption, as will be analyzed in the

next section.

2.5 Absorption enhancement of semiconductor membrane integrated
with optical cavity

The ultra-thin thickness, in addition to its benefit in electrical properties, also
provides a new optical functionality for multi-spectral sensing because its response
exhibits strong spectral tunability. To demonstrate this tunability, here we fabricated a
series of nanocavity manipulated photodetectors by changing the thickness of Ge
membrane on a 220nm-Al,O3/Ag cavity. Fig.2.14 shows the experimentally measured
light absorption spectra of these samples.

Experimental Results
Ge thickness: 6 ~ 40 nm
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Figure 2.14: Absorption spectra measured by Fourier Transform Infrared spectroscopy (FTIR) of ultra-
thin Ge sample, as the peak wavelength becomes larger the Ge nanomembrane thickness changes from

6 to 40 nm (the thickness increases from left to right).

As the thickness of Ge film increases from 6 to 40 nm, the wavelength of the
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absorption peak changes from 715 to 862 nm, agreeing very well with numerical
simulations listed in Fig.2.9. To demonstrate the spectrally tunable photoresponse, we
further measured the photocurrent spectra for three photodetectors with their Ge
thicknesses of 12 nm, 17 nm and 26 nm, respectively, as shown in Fig.2.15. In this
experiment, a supercontinuum laser coupled with a monochromator was used as the
light source. The photoresponsivity of all devices were measured under the same bias
voltage of 1 V. In Fig.2.19, the simulated light absorption spectra are also plotted by
solid curves, showing excellent agreement with the measured photocurrent
responsivities (dots) and demonstrating the spectral tunability. Therefore, a multi-
spectral ultra-thin Ge photodetector array is realizable by transferring different

crystalline Ge membranes onto the predesigned nanocavity substrate.
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Figure 2.15: Left axis: photoresponsivity (A/W) results of three different samples on 220-nm-thick
Al,O3/Ag substrates. The thicknesses of Ge films are (from top to bottom) 12 nm, 17 nm and 26 nm,
respectively. Right axis: simulated absorption spectra of these four samples, the structure parameters are

used as mentioned above, the simulation is based on full-wave Maxwell’s equations.
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2.6 Detailed performance characterization and its comparison with
counterparts

To further interpret the electronic properties of the single-crystalline Ge
nanomembrane transistor, we then characterized the dark drain-source current, |Ips|, of
the device with the 17-nm-thick Ge film (discussed in Fig.2.5) as the function of the
gate voltage, Vgs, under Vps of -1 V. As shown by the dashed blue curve plotted in the
log scale in Fig.2.16, the ultrathin transistor shows ambipolar behavior. By
extrapolating the linear portion of the Ips-Vgs curve in the linear scale (red solid curve),
one can extract the threshold voltage of the transistor, Vty. Furthermore, one can
estimate the hole field-effect mobility, p,, using the equation, which is expressed as:
1p=(L/W)Cox'Vps(0lps/0Vps), where L and W are the Ge nanomembrane channel
length and width (i.e., 25 pm and 50 pm), respectively; Cox is the gate capacitance per
unit area of the Ge/Al,Os/Ag system (i.e., 3.647x10® F/cm?), determined by the
expression Cox=€ox/tox=€0€A1203/tA1203. Here &, is the vacuum absolute dielectric
constant (i.e., 8.85x10°'?2 F/m), eanos is the relative Al,Os dielectric constant (i.e., 8.1
for evaporated AI203 layer®®) and tanos is the thickness of the Al,Os layer (i.e., 220
nm). As a result, the maximum p, of this 17-nm-thick Ge membrane transistor can be
estimated to be ~148.1 cm?V~!S™! in the linear portion when Vs varies from -5 to -7.5
V (as indicated by the black line in Fig.2.16). This value is among the best reported
results due to the single crystalline material quality®®%. Intriguingly, this nanocavity

manipulated device has unique properties on its gate-controlled responses, as will be
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discussed next.
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Figure 2.16: Transfer curves (Vgs-Ips) of the ultrathin Ge transistor. The red curve represents the data

in the linear scale, the blue dashed one represents the data in the log scale.

To reveal the gate-controlled optical response of this device, we then swept the
Vps under different Vs in a steady optical incidence condition of 140.8 mW/cm?. As
shown in Fig.2.17 the photocurrent |Alps| increases as Vgs decreases from -2 V to -6 V.
Particularly, when Vps =-1.5 V and Vgs = -6 V, the photoresponsivity is 4.7 A/W, which
is 27.6 times larger than the responsivity of 0.17 A/W under zero gate voltage. This
enhancement can be attributed to the photogating effect which plays a dominant role in
many nanostructured devices, especially in nanowires®®, quantum dots®* and 2D-
material-based photodetectors®®. However, in most aforementioned devices, the
photogating effect relies on trap states in nanostructured materials, acting as localized
states in the photodetecting channel. The trap-state-mediated photogating effect limits
the reproducibility of the photodetector performance since the number of trap states
cannot be controlled precisely in the fabrication process. Moreover, the saturation of

the trap states under strong incident power usually resulted in decreased gain®’.
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Figure 2.17: Photoresponsivity and VDS-IDS curves of the ultra-thin Ge phototransistor under the
illumination power density of 140.8 mW/cm2. The peak photoresponsivity is 4.7 A/W.

In contrast, the photogating effect in our developed cavity-manipulated ultra-thin
nanomembrane phototransistor is majorly due to the high optical absorption and
corresponding photo generated carriers confined within the ultra-thin Ge films, rather
than the trap states. The high absorption at the desired wavelength can be precisely
controlled by tuning the thickness of either Ge or Al.O3 layers. The absorbed photons
generate carriers confined in the Ge channel, and therefore, resulting in the improved
photoconductivity. To reveal the photo gating effect quantitatively (i.e., |Alps| = |Gm|X
AVT®, where AVt is the photon-induced change of the threshold voltage), we then
analyze the relation of the photo current, |Alps|, with the device trans-conductance |G|,
(|IGm|=|0Ips/0Vs|) which can be extracted from Fig.2.17 as shown in the lower panel of
Fig.2.18. In this experiment, we swept the gate voltage Vgs under Vps at -1 V, and
extracted |Alps| resulted from AVTh under different optical illumination conditions, as

shown by the curves in the upper panel of Fig.2.18. One can see that these |Alps|-Vas
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curves are consistent with the |Gm|-Vgs curve, confirming that the gate controlled photo

current results from the photo gating effect®®.
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Figure 2.18: (Upper panel) Ultrathin Ge transistor photocurrent (JAIDS]) as a function of VGS under

various power conditions: 3.36 mW/cm2 (purple), 20.8 mW/cm2 (green), 140.8 mW/cm2 (orange) and

343.2 mW/cm?2 (red), respectively. (Lower panel) Trans-conductance (|Gm)|) of ultrathin Ge transistors.

In addition, the photo gating effect expression (i.e., |Alps| = |Gm|XAVTH) shows
that with a given Vgs, a bigger change of threshold voltage, AV, leads to a larger
photo current, |Alps|. To compare our device with a typical phototransistor based on
epitaxial-grown high-quality III-V materials with similar photo gating effects, which
does not rely on trap states either), we extracted the AVy of both devices in Fig.2.19.
One can see that the AVrH of our single crystalline Ge-membrane-based device (red
dots) are three orders of magnitude larger than those of the III-V phototransistors (blue
dots). According to the empirical equation to describe the photo-gating-induced AVtn
(i.e., AVta=(nkT/q) % In[1+(nqPinc)/(Isarkhv)]), one can relates the incident power (Pinc)

with AVtH, as shown by the red curve in Fig.2.19. Here, n is an empirical constant for
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fitting (n=8.94 obtained by the least squares method), k is the Boltzmann constant
(1.38%10-23 J/K), T is the temperature (300 K), h is the Planck constant (6.63x10-34
J's) and v is the frequency of light (4.09%1014 Hz, corresponding to 733 nm). The
excellent fitting confirms that the large AVh is contributed by the strong absorption (1))
due to the nanocavity, and the effective suppression of dark current (Igark) oOWing to the
ultrathin Ge channel. As a result, the ultra-thin-Ge-based phototransistor can generate
a stronger signal than traditional III-V based device with a similar trans-conductance.
This enhanced photocurrent holds promise in improving the performance of thin film
photodetectors, especially as pixels of sensor arrays and imagers are increasingly
miniaturized®. Intriguingly, the absorption enhancement resonance can be manipulated
by controlling the nanocavity structure, which will enable the development of new

multi-spectral sensing on the same chip.
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Figure 2.19: Comparison of threshold voltage change (AVrh) of the ultrathin Ge phototransistor with
that of the epitaxial based III-V phototransistor. The measured AVry values are obtained by subtracting

the threshold voltages extracted from the Vgs-Ips curves under the illuminated and the dark conditions.
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The solid curve is plotted using the empirical equation for AVry.

2.7 Conclusion

In summary, we developed a nanocavity-enhanced single-crystalline Ge
nanomembrane photodetector. The fabrication processes successfully thinned down the
Ge films to as thin as 10 nm and maintained the single-crystal material quality of
nanomembranes. The photoresponsivity could reach up to 4.7 A/W, resulting from the
enhanced absorption and gate modulation. Due to the significantly reduced volume of
the active material, the dark current was reduced significantly. Along with the increased
photocurrent due to the enhanced optical absorption within Ge nanomembranes, the
NPDR as high as ~10°> mW! was realized. The NPDR of our device also exhibited a
better stability under stronger incident power than that of 2D material devices, mainly
due to the great material quality of the single crystalline Ge nanomembranes.
Furthermore, by characterizing the gate-controlled performance, the device physics of
this ultra-thin film photodetector were analyzed showing obvious photo gating effect.
The enhanced absorpiton and confinement of the carriers lead to a large change of
threshold voltage and thus enhanced photoconductivity. By integrating the Ge
membranes (10 ~ 30 nm) with predesigned nanocavities, we demonstrated spectrally
tunable thin-film phototransistors. Importantly, due to the CMOS compatible processes,
the proposed single-crystal Ge memebrane ultra-thin-film transistors can be fabricated
over large scale (e.g. wafer scale), which is superior over current 2D-material-based
optoelectronic devices and can be a competivite building block for the next generation

functional electronic/optoelectronic circuit.
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3 Broadband spectrometers based on single crystalline
semiconductor nano-membrane
3.1 Introduction

These days the hyper-spectral imager is playing more and more important roles
for professional imaging purposes such as terrain inspection, industrial/agricultural
product examination, security inspection as well as identifying materials for proper
trash disposal. What the hyper-spectral imaging differs from the visible light imaging
is the hyper-spectral imaging covers broader band wavelength of electromagnetism
spectrum so it can tell more chemicals across the electromagnetism spectrum. The
structure of the hyper-spectral imaging is mainly composed of light entrance slit, the
collimating lens, the newton light prism as well as the photo sensing array for imaging
reconstruction. The key structure for hyper-spectral imaging is the newton light prism.
As Sir. Isaac Newton invented this light prism in 1672, this light prism structure is still
being widely used in the area of hyper-spectral imaging. The principle of the light prism
is based on conventional ray optics, since different wavelength of light has different
values of refractive index in one material, the refracted light angle is different.
Therefore, the refracted light from the light prism can travel to free space in different
angles and is shown as different colors. However, the light prism is too bulky, making
the hyper-spectral imager device heavy and big, which limits this application to today’s
smart phone or other portable devices. Therefore, it is necessary to reinvent the light

prism to make the device compact and portable.
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The function of spectrometer is achieved by the combination of grayscale optical
cavity and group IV semiconductor nanomembranes. Group IV semiconductor
nanomembrane such as silicon and germanium membrane are defined as 2D array of
photon sensing pixels and integrated on the same optical cavity. Since the optical cavity
is composed of the light reflector, the gradient thickness of optical spacer and the
gradient thickness of the anti-reflective coating layer, each photon sensing pixel has its
own unique photo response fingerprint over the spectrum (from 400 nm to 1600nm).
We demonstrate by integrating 100 silicon photon sensing pixels and 100 germanium
photon sensing pixels on the optical cavity, since silicon has high detection efficiency

7071 gver the

over the visible wavelength!® and germanium has high detection efficiency
near infrared wavelength, we can recover both the visible and near infrared spectrum in
the same chip.
3.2 Device design and the fabrication design of the spectrometer
Fig.3.1 shows the detailed structure of the spectrometer and the optical image of
the finished spectrometer, which is composed of silicon handling substrate, the silver
light reflector, Al2O3 optical spacer layer, silicon and germanium membrane photon
sensing pixel and Al.O3 antireflective coatings. We employed the grayscale deposition
to deposit the optical spacer layer with gradient thickness along the vertical direction

(shown as the red dashed line). Therefore, along the vertical direction, every photon

sensing pixel has its unique photon response over the spectrum (400 nm — 1600 nm).
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»  » Cross section view  Si thin film: 260nm
Ge thin film: 250nm

Fixed Al O, thickness along this direction

200nm to 2onm Al O,

|

Si substrate

Figure 3.1: Optical image of fabricated spectrometer and its cross-section view along the vertical

direction.

We further designed the anti-reflective coatings to be a gradient layer. Fig.3.1
shows the detailed structure of the spectrometer. Along the horizontal direction shown
in the figure, the anti-reflective coating layer is designed to be grayscale, which means
the spectrum photo response of the pixel along horizontal direction is also different. To

conclude, our design makes the spectrum response of each pixel on the cavity be unique.

- » Cross section view  Si thin film: 260nm
Ge thin film: 250nm

200nm to 2onm Al,O,

Fixed AlL,O, thickness along this direction

Si substrate

Figure 3.2: Optical image of fabricated spectrometer and its cross-section view along the horizontal

direction.

3.3 Fabrication process of the spectrometer
The fabrication method used in this work is termed as grayscale deposition.

Similar demonstration has been shown previously by Kats et al’2. We used the dielectric
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evaporator as the tool to do the grayscale deposition, other deposition tool such as
magnetron sputter or chemical vapor deposition also can be used for the grayscale
deposition. Fig.3.3 shows the schematic view of this deposition method. Between the
depositing source and the sample, a shadow mask is designed, in order to block part
line-of-sight of the evaporated materials. Therefore, the partially blocked area has
different deposition rate, and this deposition rate changes gradually from the center part

of the sample to the rim part of the sample.

IS Sample

Shadow mask

e © ©
® o °
®
[ ] . ] 7 g

Figure 3.3: Schematic diagram of the grayscale deposition method.

By using this fabrication method, we can fabricate the dielectric thin film with
gradient thickness. To demonstrate the gradient thickness, we use the germanium as the
source material and deposit the germanium thin film onto the pre-designed cavity.
Fig.3.4 shows the deposited result. By changing the distance between shadow mask and

the deposited sample, the gradient region can be tuned.
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Figure 3.4: Photo image of the gradient germanium thin film on pre-designed optical cavity
3.4 Optoelectronic characterization of the spectrometer

The characterization results of the silicon and germanium pixel are shown in
Fig.3.5 —3.7. The characterization includes photo responsivity and spectrum responses.
Because of the optical cavity design, every pixel has different photo response peak in
different wavelength region and shows very weak photo responses if the light signal

does not contain the corresponding wavelength.
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Figure 3.5: SEM image of the sample pixel on optical cavity and the current-voltage performance

under both dark condition and the light condition.
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3.5 Detailed spectrometer performance characterization

After the pixel characterization, the spectrometer can be used for the signal

spectrum recovery. Fig.3.8 shows the spectrum recovery results of our spectrometer. As

arbitrary light signal incident on the spectrometer, each pixel has its own photo

responses. The photo responses can be collected by the read-out circuit and analyzed

by the spectrum recovery algorithm. As shown in Fig.3.8, when the photo current from

more pixels is collected, higher resolution of the spectrum recovery can be achieved.
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Figure 3.8: Spectrum recovery results of an arbitrary waveform

3.6 Conclusion
The existing spectrometer is bulky, expensive and heavy (our lab spectrometer
is over 451bs in Prof. Zongfu Yu’s lab, equipment cost is over $5000), since it is
based on traditional geometric optics. Our invention is based on the light-matter
interaction at nanometer scale, and the device can be fabricated using CMOS
compatible method. Therefore, our invention has the advantage of light weight,
portable and very cost competitive compared to the traditional spectrometer. Our

portable spectrometer can also read the signal and the recover the signal spectrum
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in the timing order of several seconds, while the traditional spectrometer is very
slow (in about 5 minutes from 400nm to 1600nm). To conclude, the spectrometer

we invented can outperform the traditional one and offer a big cost advantage.
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4 High performance flexible ultra-violet/visible single photon
detector based on epitaxial single crystalline silicon
membrane

4.1 Introduction

Ultra-violet (UV) photodetectors have broad applications in many areas such as

73-16 77-79

scintillator light detection’”’®, time correlated photo detection , ultra-fast

8081 and ultra-dense spatial imaging®>**. Particularly,

fluorescent microscopy detection
photodiodes with close to unity internal quantum efficiencies (IQE) are highly
desired***. However, there exists various challenges in the current fabrication process
to develop such a device. The penetration depth of UV light is typically only a few
nanometers. As a result, the doping profile and the electric field in the few nanometer
ranges of photo detection devices become very critical. Traditional UV photodetectors
usually adopt a constant doping profile near the semiconductor surface, resulting in a
negligible electric field, which limits the photo-generated carrier collection efficiency
of the photodetector. Ion implantation becomes incapable of precisely controlling the
doping profile within such a thickness range. An alternative doping technique is spin-
on-doping. However, this technique leads to so-called “dead regions” at the surface of
the photodiode since the p-n junction formed by this method is still too thick and the
built-in electric field near the surface is negligible, thus making the transit time of the

photo-generated carriers extremely large. One interesting solution is to use an induced

junction to make the surface electric field very large (close to 1x10° V/cm at the
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surface?*. However, the stability of photodiode using the induced junction method is a
critical issue, as UV radiation could break bonds at the oxide/Si interface, increasing
the surface state density and thus neutralize the inversion-based electric field layer.
Therefore, in order to enhance UV light detection efficiency, a special doping design is
required to enhance carrier collection efficiency within the tens of nanometers of
surface depth where the majority of UV light is absorbed.

In this section, we present our study on the development of boron gradient doping
during epi-growth of crystalline silicon. The boron gradient doping technique can also
be applied to the thin film based devices by replacing the bulk silicon material with the
SOI wafer. By using a combination of gases (SiH4/PH3/H> and SiH4/B2He/Hz), we were
able to directly grow high quality p+-i-n junctions without any subsequent doping
process. By adopting the gradient doping method, a built-in electric field near the
surface can be generated, which facilitates carrier separation and drift into the p and n
regions for holes and electrons, respectively. The p+-i-n junction is characterized with
different methods including secondary ion mass spectroscopy (SIMS), current-voltage
(I-V) measurements, and capacitance-voltage (CV) measurements. By further
measuring the spectral responsivity of the devices, we showed that the responsivity of
the device can be improved by optimization of the gradient doping method. We further
demonstrate that the photodiode can be used in avalanche mode with a gain of about
2800 under the reverse bias of -10.6 V. Also, the sub-pico-farad junction capacitance

provides the avalanche photodiode potential as a single photon detector with an ultra-
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small timing jitter.
4.2 Device design and fabrication process

The grown samples were fabricated into diodes. Fig.4.1(a)-(e) illustrates the
photodiode fabrication process flow, where a mesa process was used. Fig.4.1(f) shows
the tilted scanning electron microscope (SEM) image of the fabricated photodiode. In
this work, we focused mainly on the design of the top ultrathin p-type region of the
device (Fig.4.1(g)), because the penetration depth of UV light (200 nm to 300 nm) is
only about 10 nm®. The design was aimed to generate a strong built-in electric field in
this region. Previously, others have demonstrated B:Hs-based chemical vapor
deposition (CVD) capable of controlling the boron doping thickness down to 2 nm*®.
However, much of the work was performed using low temperature growth (i.e. below
700°C), and the composition of the epi-layer was too complicated to be analyzed, since
the B2Hs gas would decompose and form an a-boron layer. The metallic-like a-boron
layer becomes very difficult to remove®’, jeopardizing the subsequent fabrication
process of the photodiode. Therefore, we improved the recipe by increasing the growth

temperature to 900°C. Several publications®

showed that, under such a high
temperature, BoHg gas is thermodynamically unstable and would decompose to BH3,
which acts as a precursor to react with the hydrogen bonded silicon surface (H-Si) by
chemisorption. The BH3 and H-Si can form H>B-Si in this process. After the

chemisorption process, the hydrogen will be released as gas and the boron can diffuse

into silicon as an active dopant. The other two parameters affecting the doping profile
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are the concentration of BoHg gas and the doping time. Previous work by Kiyota et al’!
showed that if the BoHg gas concentration exceeded 1 parts per million (ppm), the boron
segregated on the surface and became electrically inactive, causing a-boron residue
formation after epi-growth. Thus, we kept the BoHs gas concentration at 1ppm. In our
previous work, we have reported that under such a low BHs gas concentration
condition, the control of doping time affects the boron doping profile more than the
control of the doping gas concentration. Thus, we maintained the boron doping
temperature at 900°C and directed our focus toward the control of the doping time (from
seconds to minutes). In conclusion of the doping recipe, we controlled the CVD furnace
at a temperature of 900°C and a pressure of 100 Torr. The H> gas flow was 30 slm
(standard liter per minute). The BoHe/H> gas flow rate was 205 scem (standard cubic
centimeters per minute), in which the B2Hg flow rate was diluted down to 0.05 sccm,
the rest were H2 carrier gas. We fabricated three types of samples that were grown under
a doping time of 15 seconds, 30 seconds, and 60 seconds, respectively.

(a) (b) (c)
CVD epi-growth Photolithography and mesa etch

itrathin P laye! - I
=p e trinsic ayer =D y
silicon substrate N layer
silicon substrate silicon substrate

0 (@) @ 4

PECVD oxidation and via opening

Ultrathin graded boron

Z

700nm intrinsic Si

200nm N- 1x1018 (e) l

Metal deposition

500nm N+ 5x1013

i ]

Silicon substrate

20 pm

‘Cathode

Figure 4.1: Fabrication flow of the p+-i-n photodiode with mesa-defined process. (a) Beginning with a
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silicon substrate. (b) Growth of the boron gradient doping epitaxial layer using chemical vapor deposition.
(c) Photolithography patterning and mesa etching to define active devices. (d) Plasma enhanced chemical
vapor deposition (PECVD) oxidation for passivation and via opening, the SiO2 layer has a thickness of
127nm. (e) Metallization to complete device fabrication. The metal contacts are 70 nm Al/70 nm Au
formed by electron beam evaporation. (f) A titled SEM image of the fabricated photodiode sample. (g)
Schematic illustration of the p+-i-n photodiode vertical structure with the doping concentrations and

thicknesses of each layer.

4.3 Ultrathin gradient doping for enhanced ultra-violet photon
detection

Fig.4.2 (a) and (b) show a comparison of the electronic band diagrams between
with gradient doping (Fig.4.2(b)) and without gradient doping (Fig.4.2(a)). As clearly
seen, gradient doping can induce a built-in electric field near the surface and improve
the collection efficiency of the photo-generated carriers. We used SIMS to characterize
the boron concentration of our sample for different doping times (i.e., 15, 30, and 60
seconds). Fig.4.2(c) shows the doping profile results as expected, which exhibits a
dopant concentration with an exponential gradient coefficient of 1.2, since the boron
atoms were expected to diffuse into the silicon as they reach the silicon substrate. In
order to quantitatively review the gradient-doping-enhanced electric field, we
performed the Silvaco™ simulations on the built-in electric field. We reconstructed the
device doping profile and metal layout using the simulation code. All simulations were
carried out under zero volts bias, since the built-in electric field is the main focus.
Fig.4.3 (b) shows the simulated electric field based on the doping profile of Fig.4.2(a).
One can clearly see that the electric field of the 15-sec doping sample showed a
maximum of 5.88x10* V/cm, and the 60-sec doping sample showed a minimum of 3600

V/cm at the surface. The enhancement of the electric field for the 15-sec doping time
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compared to the 60-sec doping time can be attributed to the elongated Debye length and
the gradient doping in the former case. We then investigated the electrical and optical
properties of all the photodiodes of the three gradient doping profiles in the following
context. All the devices were fabricated using the identical process (as shown in
Fig..4.1(a)-(e)) in order to perform head-to-head comparisons in terms of electrical and

optical properties.

(a) (b)
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Figure 4.2: (a) Electronic band diagram of conventional photodiode without using a gradient doping

profile. (b) Electronic band diagram of a photodiode with gradient doping profile (this work).
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Figure 4.3: (a) Boron doping profile of the gradient doping sample characterized by SIMS. (b) Simulated

electric field distribution according to the gradient doping profile.

The current-voltage (I-V) curves (shown in Fig 4.4(a)) of these photodiodes all
show rectifying characteristics with similar dark current values. Based on the I-V curves,

we calculated the ideality factor of the three photodiodes. The ideality factor is defined
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as follows: I = Iyexp (%), where the Iy represents the current at zero voltage, ¢ is the
elementary charge, V' is the voltage value, k is the Boltzmann constant, 7" is the
temperature and 7 is the ideality factor. When the ideality factor is more close to unity
value, the semiconductor junction has lower recombination rate in the junction. The
ideality factor can reach ~1.35 when the voltage is at 0.45 V (Fig 4.4(b)), indicating that
the diffusion current slightly dominates the Shockley-Read-Hall (SRH) current in the
device intrinsic region. As the forward voltage was increased to 1V, the forward current
showed different behaviors in the different diodes. The different behaviors of the diodes
can be understood by considering series resistance at higher current levels in the p-n
diode. Since the doping conditions are different, the series resistance values of the p+
region vary in the three samples, leading to varied values of the diode forward current.
In the case of the 60-sec doping time, it has the highest doping concentration, the
smallest series resistance, and thus the highest forward current. It is observed from the
I-V curves that a dark current as low as 0.1 nA to 1 nA was obtained at the reverse bias
of -8 V. The low dark current indicated that the diode sidewall was well-passivated by
the SiO; layer. We then used an LCR meter to measure the capacitance of the photodiode
at 1 MHz frequency. As shown in Fig.4.4(c), at a bias voltage of -8 V, the capacitance
of these samples was less than 1pF. Particularly, one can see that the minimum
capacitance is about 0.129 pF for the 15-sec BoH¢ doped sample. The low capacitance
indicates that the device would operate at a higher speed than the other two devices.

The low capacitance is also critical for single-photon detectors, as suggested by Ma et
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al®? that for a low timing jitter (~10 pico-sec) single photon detector, the diode

capacitance should be at the sub-pico-farad level.

(a) (b)

10" 10

—
1)
—

&
o

, f=60 secs B H, * 60secs o # 60secsBH,
10° d
. f—30 secs BH, A :: secs 25 v 30secs BH,
a n secs m -2 =
107 fmm 15 sCS B H, sl - . m 15secs BH,
10| c T8 .
5 r F 20t
o
[<}]
Sef . g 7
- - Sst *a
> 51 — v -
- — L ]
= L] Q e
© . ® . oy
@ 4F Q1.0F ¥ ......
» 7] v
=z (8] " Vv
3 b [ ] Ty
d | = Ty
) . 0.5 -. Vvvv"
", vy
"SEsEmmnsans
1 1 ! 1 0.0 L 1 1 !

2 0.0 0.5 1.0 1.5 2.0 0 -4 £ 8

8 £ -4 2

0 -2
Voltage (V) Voltage (V) Voltage (V)

Figure 4.4: Electrical characterization of three samples with different doping times. (a) Current-voltage
(I-V) characteristics of the photodiode with different growth/doping times. (b) Calculated ideality factor
of the photodiode according to the I-V curves from (a). (¢) Capacitance-Voltage (CV) characteristics of
the photodiode. The measuring frequency was at 1 MHz. All three samples have the same device
parameter, the junction diameter is 50um, the anode contact area is calculated to be 400um2, and the

cathode contact area is calculated to be 926 pm?.

We measured the spectral response of the three diodes. The spectral response of
the photodiode was performed under zero bias voltage. We used an ASB-XE-175 as the
broadband light source and a DK480 1/2 Meter Monochromator to select the
corresponding wavelength signal. Fig.4.5 shows the responsivity of the photodiodes
with 15-sec, 30-sec, and 60-sec doping. The fundamental responsivity limit of our
device was also calculated as shown in Fig.4.5. In our calculation for the fundamental
limit of our device, we assumed unity for the devices’ internal quantum efficiency (IQE),
i.e., all of the absorbed photons that were converted into electron-hole pairs. Then we
calculated the absorption spectrum of our devices, which is composed of 127 nm
Si02/300 pum silicon. With the absorption data and a unity IQE, the fundamental

responsivity limit (as shown in Fig.4.5) of our photodiode can be calculated using the
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equation:

Aum)
1.23985(um x W /A)

R = Absorption X n X
Where R represents the photodiode responsivity (A/W), n is the IQE (one in the

case of fundamental limit), and A, is the wavelength of interest.

0.14
| - — Fundamental Limit
—A- 15 secs of B,H, flow

< 042 9 30 secs of B,H, flow L7
E L —m— 60 secs of B,H, flow -
< 7 A
~ 040 | e e
:E'I . / /A ®
= 0.08 ’ “ |
m - rd
c .’ A/
o . AT il
2 .06 .’ A
[7}] B -
[ -
[+ 4 _

004 A—A—A—A

0.02 '

200 220 240 260 280 300
Wavelength (nm)

Figure 4.5: Measured spectral responsivity of the photodiode with different doping times along with the
plot of the fundamental limit of responsivity.

As shown in Fig.4.5, the 15-sec doping sample reached a maximum photo
responsivity of 0.1 A/W at the wavelength of 300 nm. Fig.4.5 also shows that the
responsivity of the 60-sec doping sample is the lowest among the three devices. Two
major reasons were considered that directly attribute to the different responsivities. The
first one is that the surface built-in potentials of the three samples vary. As we see from
Fig.4.2(b), the surface electric field of the 60-sec doping sample is negligible compared
to the other two samples. The close-to-zero electric field contributed no drift velocity
of the photocarriers generated at the surface, which can be expressed as vgyif; =

tUcarrier X E, Where vg,.i¢e 1s the carrier drift velocity; a positive sign (+) is for hole
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carriers and a negative sign (-) is for electron carriers; Uqqrier 1S the carrier mobility,
which is a fixed parameter in the given material; and E is the built-in electric field.
The small carrier drift velocity increased the carrier transit time, increasing the carrier
recombination chance in the drift process. The other reason, as we analyzed, is believed
to be from the boron-silicon precipitants on the silicon surface of the two samples (30-
sec and 60-sec). Since at the temperature of 900°C, the maximum boron solubility in

silicon is believed to be 1x10%° ¢cm™

,according to the work done by Inada et al>>. These
boron-silicon precipitants can act as surface recombination centers and cause carrier

loss when the carriers are in the process of diffusion and collected by the metal

electrodes.
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Figure 4.6: (a) Measured photocurrent and dark current of the 15-sec doping sample. (b) Calculated
multiplication factor (M) of the 15-sec doping sample based on (a).

It is noted that an alternative approach to UV enhanced photodetection by
overcoming the issues associated with surface recombination losses was proposed by
Kim et al. In that approach, a graphene-oxide-silicon (GOS) capacitor structure
provides better confinement of photocarriers in a potential well, which is well-

passivated by thermally grown SiO, and is therefore less prone to surface
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recombination. The perpendicular configuration for photocarrier separation and
transport directions in Si of the GOS structure also allows for wider (thicker) depletion
region formation, which would benefit photocarrier generation/separation without
compromising the carrier transport and collection efficiency.

In our work, to reduce the surface recombination, we reduced the boron doping
time to 15-sec. The SIMS data indicated the boron concentration was reduced down to
8.6x10'"8/cm’. At this concentration, the boron-silicon precipitants are believed to be
reduced greatly compared to the 30-sec and 60-sec doping samples. Consequently, the
responsivity of the 15s sample was greatly enhanced, confirming that the optimized
gradient doping method can enhance the collection efficiency of the photo-generated
carriers. Further enhancements could be made, for example, by using multiple layers of
anti-reflection coatings.

Because the 15-sec doping sample proved to be optimal, we specifically chose it
to test the avalanche properties of the photodiode. As shown in the Fig.4.4(a), the [-V
measurements in the dark and under UV light (280 nm) conditions were performed.
When a voltage of -10.6 V was applied, a photo current avalanche gain was observed,
as shown in Fig.4.6. The photo-current gain of the sample reached about 2800 at a
reverse voltage of -10.8 V. After that, the photo-current gain was no longer a good
indicator for avalanche gain as the maximum current was limited to 1 mA due to the
measurement setup. This avalanche effect can serve as an avalanche photodiode to

detect and amplify the light signal, in which the gain is fixed. Or, the device can also
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be combined with an active quenching circuit to work in the Geiger mode as a single
photon detector.
4.4 Flexible single photon detector fabrication process

From the above discussions, we can conclude that the ultrathin gradient doping
could enhance the silicon p-i-n photodiode detection efficiency in the ultra-violet
wavelength range. The above devices are fabricated in the bulky silicon substrate. To
make the device into a flexible one, we change the substrate from bulk silicon substrate
to silicon-on-insulator substrate for releasing the device from the substrate. The flexible
single photon detector has many applications including biomedical imaging or
implantable bio-fluorescence sensing. However, flexible devices are thin film based,
and the devices area are directly exposed to outer environment, which can be affected
by the outer temperature changes easily. One known drawback underlying both
avalanche photodiode (APD) and SPAD is that the breakdown voltage of the devices
has a strong dependence on temperature, which is related to phonon scattering during
photo-generated-carriers acceleration/multiplication®®. The drawback hinders the
applications of flexible SPADs where temperature change is inevitable, such as
temperature fluctuations of living body/tissues. Therefore, reducing the temperature-
induced breakdown voltage fluctuation becomes an important issue for flexible SPADs
to function under temperature-varying environments.

In this work, we report Si SPADs with reduced temperature sensitivity of

avalanche breakdown voltage by employing a very thin intrinsic region thickness (120
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nm) in the SPADs. With the thin intrinsic region, photo-generated carriers in our SPADs
would experience less phonon scattering during the process of carrier
acceleration/multiplication in comparison to SPADs with a junction thickness on the
order of tens of micron-meters’*. For direct comparison, a temperature coefficient Cpq,
defined as the ratio between breakdown voltage change and temperature change, is used
to quantify the temperature sensitivity of avalanche breakdown voltage of SPADs. Our
SPADs show a Cpg of 2.8 mV/K, which is lower than the lowest reported value of Cpq
of 5.7 mV/K®® measured from a Si-based SPAD. We also characterized single photon
detection efficiency (PDE) of our SPADs under different temperatures. By operating
the flexible SPADs in the Geiger mode, our flexible SPAD shows less temperature
dependence of PDE in comparison to the rigid Si based SPAD having a thicker intrinsic
region?’.

Beginning with a silicon-on-insulator (SOI) wafer, which consists of a 500 pm
thick Si handling substrate, a 250 nm thick buried oxide (BOX, SiO,) layer, and a 200
nm thick p- silicon template layer, low-temperature chemical vapor deposition (LPCVD)
was used to grow the p-i-n structure on the SOI substrate. The finished layer structure,
including the epitaxy and the SOI layers, is shown in Fig 4.7(a). During the epitaxy
growth, diborane (B2Hs) and phosphorene (PH3) were used for p-type dopant and n-
type dopant, respectively. In order to achieve high photon detection sensitivity in the
UV wavelength range, an ultrathin boron-doped layer (20 nm) with a graded doping

concentration was employed during the material growth process, following the same
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method that was shown in our previous work”®. To realize low temperature sensitivity

of avalanche breakdown voltage, we designed the intrinsic layer to be around 120 nm

(Fig.4.7(a)).
(a) (b)

n Boron:
P 2x10'8 cm3

Figure 4.7: (a) Illustration of epitaxially grown SPAD layer structure on SOI. (b) A schematic view of
fabricated SPAD on a flexible PET substrate.

The p-i-n structure was fabricated into diode array on the SOI substrate first. The
finished diodes array was then released by under cutting the BOX using hydrofluoric
acid and transferred to a flexible polyethylene terephthalate (PET) substrate. The
schematics of the final flexible SPAD sitting on the PET substrate is shown in Fig.4.7(b).
It is noted that the sidewall etching of the SPADs with minimum surface damage is
critical in realizing low leakage current under reverse bias for SPADs. To minimize
sidewall damage, cryogenic inductively coupled plasma (ICP) etching (Applied
Materials Precision 5000 Etcher) with NF3/02 gas was used for SPAD mesa
definition”’. Fig.4.8(c) show a scanning electron microscopic image of the sidewall of
the SPADs realized by the etching. After finishing the dry etching, thermal oxidation to
form 120 nm thick SiO, was followed for device surface passivation. Via holes were

opened on the thermal oxide and magnetron sputtering (Ti/Al) was used for forming
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metal electrodes.
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Figure 4.8: (a) A scanning electron microscope (SEM) image of the sidewall of a mesa-type SPAD
formed by cryogenic dry etching. (b) A tilted SEM image of an SPAD on a PET substrate. (c) Measured

capacitance-voltage (C-V) characteristics of the SPAD p-i-n junction.

To release the rigid SPAD array, the fabricated SPAD array on SOI was protected
by wax and mounted top side down on a polydimethylsiloxane (PDMS) stamp. Most of
the silicon handling substrate was removed by mechanical grinding (about 450 pm thick)
and the remaining substrate material (about 50 um thick Si) was removed by XeF>
etching. The XeF; etching rate was about 5 um/min and the etching stopped at the BOX
layer. To transfer the released SPAD array, a PET substrate of 3 mils thick was treated
in an oven under 390 K for three hours to obtain uniform thermal expansion. The
backside of the SPAD array was first spin-coated with SU-8 2025. Then the SPAD array
was transferred to the thermally treated flexible PET substrate. The SU-8 was cured
using soft baking, UV light exposure and finally a hard baking. After the curing process
was complete, the device was put into an acetone solution to remove the wax so that
the device can be demounted from PDMS. Figure 1(d) shows an SEM image of a

flexible SPAD sitting on a PET substrate. The mesa diameter of the device shown in the
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figure is 20 um. Capacitance-voltage (CV) measurements were performed on the SPAD
and the results are shown in Fig.4.2 (c). By reverse biasing the device to 8.5V, close to
the breakdown voltage (Vbr = -8.75V), the junction capacitance was measured to be
0.278 pF. From this capacitance value, we estimated the intrinsic layer thickness of the
SPADs during operation to be around 115 nm.

The thin thickness of the intrinsic region is critical in order to make the SPAD
operate with less sensitivity to temperature variation as mentioned above. With a thin
intrinsic region, phonon-scattering is reduced?. Therefore, less charge carrier scattering
will occur during the carrier acceleration inside the junction. However, the thickness
reduction of the intrinsic region has a limit. As the thickness becomes too thin (less than
100 nm), band-to-band tunneling effect starts to dominate in junction breakdown®®,
resulting in substantially increased SPAD noise. In this paper, we designed the intrinsic
layer thickness of SPAD to be around 120 nm. However, considering the gradual,
instead of an abrupt change of doping concentrations from the heavily doped regions to
the intrinsic region, the exact thickness of the intrinsic region is difficult to define.
Under such a situation, simulations may help design the overall doping profiles of the
SPAD in order to obtain optimized device performances.

A finished 5x8 SPAD array on a flexible PET substrate is shown in Fig.4.2(a). The
inset of Fig.4.2(a) shows an optical microscopy image of a single SPAD on PET
substrate. Fig.4.2(b) shows an optical image of a bent flexible SPAD array under

current-voltage measurements. The bending curvature is about 10 mm. To confirm that
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our flexible SPADs can operate under bending condition, we measured the current-
voltage (I-V) characteristics of the devices under both flat and bent conditions
(curvature of 10 mm) under both dark and ambient lighting. Fig.4.9(c) shows the
measured dark and photo current characteristics, as well as breakdown characteristics
of a SPAD with an anode area of 314 pm? under flat and bent conditions, respectively.
It is observed that the mechanical bending has improved the photo current with slight
improvement on the dark current. The photocurrent improvement may be related to the
closer distance between the device and the light source (a mounted flashlight with fixed
height). While the mechanism of improvement under bending may require detailed
studies, the diode is expected to function well for avalanche operation mode as the sharp
breakdown characteristics are not changed by bending. As shown, the breakdown
voltages under the two conditions remain the same, which is important for the operation

of SPADs.
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Figure 4.9: (a) A photograph of bent 8x5 SPAD array on flexible PET substrate. (b) An optical image of
a flexible SPAD array with a bending curvature of 4.5 mm. (c) Measured current-voltage characteristics
in dark and ambient light of a flexible SPAD under flat condition and bent condition with a bending

curvature of 10 mm. The device’s anode area is 314 pm?.
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4.4 Single photon detection performance characterization

A flexible SPAD with 20 um diameter anode mesa was used for breakdown voltage
measurements at different temperatures ranging from 290 K to 390 K. The breakdown
voltage was taken when the reverse current levels reached 90% of the maximum

current”

. Fig 4.10(a) shows the measured current-voltage (I-V) curves under reverse
bias. All the I-V curves showed abrupt junction breakdown behavior, with a dark current
in the range of 0.1 nA to 10 nA before breakdown occurs. The results indicate that no
surface breakdown occurred during the measurements, which is ascribed to the low-
damage sidewall etching and thermal oxide passivation. The increasing breakdown
voltage with temperature increase (see the inset of Fig 4.10(b)) indicated that the
junction breakdown does not originate from the band-to-band tunneling mechanism but
from junction avalanche breakdown”. From the measured breakdown voltages, Cvq =

AVypd/AT, the ratio between breakdown voltage change (AVwe) with temperature

change® (AT), was extracted. The Cbd of our flexible SPAD was calculated to be 2.8

mV/K.
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Figure 4.10: (a) Measured current-voltage (reverse and breakdown) characteristics of a typical SPAD
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under different temperatures. (b) The breakdown voltage values as a function of temperature.

Fig.4.11 shows the comparison of the Cpq and dark current density of this work
with those of other reported APDs. In order to make a fair comparison, only devices
with the similar intrinsic region thicknesses (100 nm to 200 nm) are used for
comparison. As shown in Fig.4.11, the best reported GaAs APD'% shows similar dark
current to that of our work. The higher Cypq of the GaAs APD than this work is perhaps
due to the thick cladding layer (1um for both and p and n cladding layer) used in the
diodes, which inevitably increased the intrinsic region thickness under reverse bias. The
reported InAlAs APD25 has the lowest Cyq, however, with a dark current density five
orders of magnitude higher than our device due to the challenge of surface passivation
of InAlAs in comparison to Si. In comparison to the Cpq (5.7 mV/K) of the latest Si
APD counterparts®®, the Cpa of our SPAD is lower, along with a lower dark current
density than the reported one by two orders of magnitude. The low dark current density
of our SPADs is mainly attributed to optimized device mesa etching and surface

passivation.
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Figure 4.11: Comparisons of Cbd and dark current density between this work and previously reported
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avalanche photodetectors’ performance.

The PDE of the flexible SPADs was further characterized. A photograph of the
setup for PDE characterizations is shown in Fig.4.12. In the setup, a laser light with a
wavelength of 515 nm from pulsed laser diode was fiber coupled to an integrating
sphere. A light splitter was installed inside the integration sphere. To calibrate the output
optical power strength from the laser diode, a Keysight 81634B optical power sensor,
which is mounted to the integration sphere, was used with a sensitivity of about -110
dBm. The power sensor receives half of the light from the beam splitter. The other half
of light from the integration sphere was free space coupled to our testing SPAD.
Between the integrating sphere and the testing SPAD, an optical density (OD) filter was
used to attenuate the laser light intensity to the single-photon level. The testing SPAD
with an anode mesa area of 314 um? was attached to a home-made printed circuit board
(PCB) and wire bonding was used to connect the electrodes of the SPAD to the PCB.
During the single photon measurements, the setup was shielded in a dark box. During
the measurements, the SPAD was reverse biased to operate in the Geiger mode using a
voltage supplier. Since the breakdown voltage of our flexible SPAD is -8.75 V, the DC
bias was set at -10 V, or with an excess DC voltage of -1.25V. As shown previously'!~

103 " higher excess voltage leads to higher single photon PDE, but with a higher dark

count. The excess voltage of -1.25 V was set as a trade-off between PDE and dark count.
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Figure 4.12: (a) A photograph of the setup for single-photon detection efficiency measurements. (b)

Ilustration of the passive quenching circuit used for SPAD measurements.

Fig.4.12(b) shows the passive quenching circuit to reset the flexible SPAD after
every triggered event!®. The quenching circuit (Fig.4.12(b)) is composed of a 200 kQ
quenching resistor and a 50 Q load resistor. An Agilent DSO91204A oscilloscope was
used to monitor the triggered avalanche events. The triggered avalanche pulses were
captured and recorded in the oscilloscope, as shown in Fig.4.7(a). In order to record the
avalanche pulses triggered by the pulsed laser diode rather than the dark count noise,
the pulsed laser diode and oscilloscope were synchronized by an external trigger from
the signal generator. The photon detection efficiency (PDE) can then be calculated using
PDE = number of triggered events/number of photons, where the number of photons is
calculated by the calibrated single photon optical power-meter.

4.5 Temperature insensitive on detection efficiency performance
characterization and comparison

Fig 4.7(b) shows the measured PDE results of our flexible SPADs at the
wavelength of 515 nm at different temperatures. The reason to choose this wavelength

is the flexible SPAD has the peak PDE at this wavelength. Since our SPADs have a low
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Cha, the bias voltage was set a constant value during the measurements at different
temperatures. Fig 4.7(b) also shows the PDE of a rigid Si based SPAD at the wavelength
of 515 nm with an intrinsic junction thickness around 1 um (according to the device
design) for comparison. Fig 4.7(b) clearly shows the PDE of our flexible Si SPAD has
less temperature dependence compared with the thick junction SPAD. The differences
between the two SPADs, as shown in Fig.4.13(b), indicate that our SPAD has less
breakdown voltage change with the increase of temperature than that in Ref.?’, enabling

a less temperature dependent PDE.
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Figure 4.13: (a) An avalanche pulse shown in the monitoring oscilloscope. (b) Comparison of PDE

results with previous work over the temperature from 290K to 360K.

4.6 Conclusion

In summary, we demonstrated a Si SPAD on a flexible substrate. The SPAD
exhibits a low fluctuation of avalanche breakdown voltage in response to environment
temperature changes due to the implementation of a carefully designed, thin intrinsic
avalanche region of the diodes. The flexible SPAD also shows very low dark current

density, which is realized with cryogenic dry etching for diode mesa formation and
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thermal oxidation for high-quality passivation. Single photon detection efficiency
results show that our SPAD has less temperature dependence than a rigid counterpart

with a thicker intrinsic region.
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5 Flexible single photon detector with enhanced near-
infrared detection efficiency
5.1 Introduction

Flexible photodetectors have become essential parts for many applications, such

as implantable fluorescence endoscopes'®*1%-1%7  bio-inspired electronic eye

108-110 and retinal prosthese!!!"!'2. By lifting off thin photodetector layers from

systems
the bulk substrate, mechanical constraints from the substrate are eliminated. Thin
photodetector layers can be designed and arranged in a three-dimensional geometry to

HOI3 “or can be transferred to flexible substrates to

achieve aberration-free imaging
realize biomedical sensing in a living body!'"”"!'*!15_ In previous work, photodetectors
fabricated from single-crystalline semiconductor membranes have become the most
popular choice''®!"”. Compared to the flexible organic material counterparts''®!!?,
crystalline semiconductor membranes have advantages of higher carrier mobilities and
CMOS compatible fabrication process flows, which enable better bandwidth
performance and higher production yield!?*!?!. However, some organic material like
mammalian rod photoreceptor cells have the photon detection sensitivity up to single

photon level'??

, which promises an alternative to crystalline semiconductor membrane
photodetectors. But one inevitable problem from organic single photon detector device
is the photo response speed remains low, which is about orders of seconds level. For

advanced biomedical sensing techniques such as the time-correlated single photon

counting (TCSPC) method®>!'?*, detecting a single-photon level of light with
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picosecond time resolution is necessary for a given detector. Therefore, a thin film
based, flexible SPADs with high photon detection efficiency and small timing jitter
need to be developed.

This work presents a flexible SPAD with enhanced detection efficiency. To
enhance the detection efficiency, we fabricated light-trapping, inverted-pyramid
structures on the mesa-type SPADs, which boost the absorption and the EQE over the
750 ~ 1050 nm wavelength range. The EQE enhancement is equivalent to single-pass
light EQE through 20 pm of silicon. Compared with the 20 pm diameter SPAD on the
SOI rigid substrate we reported in previous work!'?*, the flexible SPAD under BSI
detection method shows enhanced detection efficiency due to higher fill factor. To test
the effect of light-trapping nanostructure on the timing jitter performance, various
diameters of flexible SPAD was fabricated and tested, ranging from 20 pm to 200 um.
It is found with the light-trapping nanostructure, the flexible SPAD with 20 pm diameter
mesa has the best timing jitter performance, which is 85 ps. Finally, we demonstrated
that our flexible SPAD can work normally when the device is under the bending
curvature of 2.5 mm. Strain simulations of an SPAD device array shows the silicon thin
film would not reach the fracture strain value when the flexible SPAD array is bent with
a radius of 2.5 mm. Our results show the flexible SPAD exhibits enhanced SPDE
compared to the SOI-based one and extends applications to a large range of possible
areas, including implantable, photon-counting devices for time-resolved biomedical

sensing or bio-inspired imaging designs.
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5.2 Device design and fabrication process

The flexible SPAD was realized by first growing an n-i-p layer on a silicon-on-
insulator (SOI) substrate; the insulator (SiO2) can act as a etch-stop layer in the
following fabrication. A reduced-pressure chemical vapor deposition (RPCVD) reactor
was used to grow the epitaxial layer, and phosphine (PH3) and diborane (B2He) are used
as the n-type and p-type dopant, respectively. Detailed growing parameters and after-
growth characterization (secondary ion mass spectroscopy) can be found in the
supporting information. The schematic fabrication process for the flexible SPAD is

shown in Fig.5.1(a) and involves a two-step transfer process.

1.SiSPAD on SOl wssmp- 2. Attach PDMS Stamp === 3. Etching Si with XeF,

6. Immersed in acetone and 5. Print to PET substrate .
peel off the PDMS stamp ¢ Wit SUB adbesles THe A:SiRulistrate Stihied

Figure 5.1: Schematic fabrication flow of flexible SPAD array, from growing silicon epitaxial layer to

device substrate removal for the transfer printing process
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Figure 5.3: Secondary ion mass spectroscopy (SIMS) results

The purpose of first transfer process is to remove the rigid silicon substrate and
offer protective coatings for SPAD device layer during substrate removal. The second
step is to transfer the SPAD device layer to a flexible foreign substrate and remove the
protective coating on the SPAD. After the epitaxial growth on silicon-on-insulator (SOI),
standard nanofabrication procedures were used to fabricate mesa-defined single photon
avalanche photodetectors (SPAD). The round shape of the mesa can offer better
estimation on the photo sensing area and is easier for optical alignment, since the light
source is also collimated and focused into a round shape, as observed by a microscope.

The image of the focused light spot and the device under measurement can be seen in
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the supporting information. After the SPAD fabrication is finished, the device area is
protected by spin coating poly (methyl methacrylate), abbreviated as PMMA and
mounted upside down on the grinding tool with wax to remove most of the silicon
substrate by grinding. About 450 um of the silicon substrate can be removed, and the
remaining substrate thickness is about 50 um. After the grinding process, the device
was rinsed by acetone and DI water. It was then spin coated with PMMA again and
carefully mounted on the polydimethylsiloxane (PDMS) stamp. We then use a XeF>
etch recipe to remove the remaining silicon substrate. The etch rate of silicon substrate
in XeF is about 5 pm/min. It takes about 10 minutes to remove all the silicon substrate,
and the XeF> etch stops at the SiO; layer. After the etching, the sample is coated by
SU8-2025 and attached to a flexible polyethylene terephthalate (PET) substrate.
Subsequent processing includes soft baking for 3 minutes, UV exposure for 45 seconds
and hard baking for 3 minutes to cure the SU8-2025 layer. Finally, the device was
immersed into acetone to remove the PDMS stamp and the protective PMMA. The
device was then rinsed with isopropyl alcohol (IPA) and DI water to remove the residue

particles on the sample.
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Figure 5.4: (a) Optical microscope image of the flexible SPAD without the light-trapping inverted
pyramid; scale bar is 200 um, the aluminum wire bonding shown in the image is used for connection to
external circuit for SPAD characterization. (b) Optical microscope image of the flexible SPAD with the
light-trapping inverted pyramid; scale bar is 200 pum. (¢) Atomic force microscope (AFM) image of the
light-trapping structure on SPAD; the scale bar is 1um. (d) Scanning electron microscope (SEM) angled
view of the single flexible SPAD with light-trapping structure; the scale bar is 25 um. (e) Optical
microscope image of the flexible SPAD array, which includes 15 devices without light trapping structure

(left side) and 15 devices with light trapping structure (right side); scale bar is 1.5 mm.

Fig.5.4 (a) and (b) show optical microscopy images of the flexible SPAD without
and with the light-trapping structure. The light-trapping structure allows more light to
be absorbed in the device photo sensing area, therefore, the device photon sensing area
appears darker (Fig.5.4(b)) compared with the one without the light-trapping structure
(Fig.5.4(a)). Fig.5.4(c) shows an atomic force microscope (AFM) image of the light-
trapping structure fabricated on the top surface of the SPAD. The dimension of the light-
trapping, inverted-pyramid structure is optimized to have an 850 nm periods, and is 600
nm in depth in order to enhance the target wavelength (750 nm — 1050 nm) range we
are interested in, as we reported in earlier work'?*. The angled view of the flexible
SPAD reveals the details of both device and substrate thicknesses, as shown in

Fig.5.4(d). The fabricated flexible SPAD array is shown in Fig.5.4(e). Each single
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device is separated into an SPAD island by dry etching to allow the SPAD array to be
bent, as will be shown later in the discussion session. To demonstrate that the entire
fabrication process does not affect the optoelectronic performance of the SPAD, both
the flexible SPAD and the original SOI-based SPAD are characterized by the current-
voltage response and EQE response and compared. The measurement condition is the
same for both types of device. The comparison (see Fig.5.5 —5.7) shows the that flexible
SPAD is not degraded by the fabrication process. We focus our analyses on the flexible

SPAD in the remaining part of the paper and use the SOI-based SPAD as the control

sample.
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Figure 5.5: Performance test on a SPAD with 20 pm diameter mesa
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5.3 Absorption and quantum efficiency enhancement

To enhance the absorption, the inverted-pyramid light-trapping structure is an

efficient method for anti-reflection and light trapping in the device!'!'*>. As light

propagates from the air to the device, the light trapping structure serves as a structure

with graded refractive index'?, which reduces the reflection in comparison with an

abrupt flat surface between air and device. The light-trapping structure also traps light

in the device by diffraction. The diffraction makes light travel with both vertical and
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horizontal wavevectors inside the device, thus increasing the light path length. To
maximize the antireflection and light-trapping effects, the dimensions of each single
light-trapping inverted-pyramid structure should be close to the target wavelength scale.
In our case, we chose 850 nm as the period and 600 nm as the depth since we focus on
absorption enhancement in the near infrared light spectrum (750 nm to 1050 nm).
Fig.5.8(a) and (c) show the finite-differential time-domain (FDTD) simulations of the
absorption distribution of the light-trapping device and the flat surface device. Both
simulations are conducted at the wavelength of 850 nm. Fig.5.8(a) shows the absorption
distribution of flexible SPAD without the light-trapping structure; the standing wave
effect across the silicon thin film mainly contributes the absorption. However, due to
low absorption coefficient and limited optical path length, absorption is still weak. With
the light-trapping structure, the absorption over the junction region is much enhanced,
as shown by Fig.5.8(c). To confirm the absorption enhancement is broadband, we
further simulated the absorption over the target wavelength (750 nm to 1050 nm) we
are interested in. The simulation is also conducted on the flexible SPAD. Fig.5.8(b) and
(d) show the simulated absorption spectra of the flexible SPAD with a flat surface and
with light-trapping structure. This absorption comparison shows that the light-trapping

structure enhances the absorption over the target near-infrared wavelength range.
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Figure 5.8: (a) Spatial distribution of absorption at 850 nm of SPAD without the light-trapping structure.
(b) Simulated absorption spectrum of SPAD without the light-trapping structure. (c) Spatial distribution
of absorption of SPAD with the light-trapping structure. (d) Simulated absorption spectrum of SPAD
with the light-trapping structure.

After the analysis of the absorption enhancement due to light-trapping
nanostructure, the experimental optoelectronic performance is the next performance we
focused on. A typical parameter termed the external quantum efficiency (EQE) is used
to quantify how much photo current is generated and collected by the external circuit®.
The EQE can be described by the following equation: n = (carriers/sec)/(photons/sec)
= (Ipn/€)/(A % Pinc/hc) = 1.24x(Ipn/Pinc)/A, where Pinc is the light power incident on the
photo sensing area, which can be measured by a calibrated photodiode and A is the
wavelength of interest. We measured the photo current Ipn corresponding to different
wavelengths and calculated the EQE. Fig.5.9(a) shows the EQE with the 3 pm thick,
flat-surface device. The EQE follows the same trend as the absorption spectrum in
Fig.5.8(b). Without the light-trapping structure, the value of EQE follows the theoretical
EQE of the 3 um flat-surface silicon. In contrast, the light-trapping structure produces
broadband EQE enhancement. As shown in Fig.5.9(b), the EQE enhancement makes

the 3 um thick device performance equivalent to an 11 pm thick flat-surface device in
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the wavelength range from 750 nm to 800 nm and equivalent to a 20 um flat device in
the wavelength range from 875nm to 1050nm. Further measurement of the angle-
dependent photo response, at the detection angle of 70 degrees, shows that the light-
trapping structure can enhance the EQE from 5% of the flat-surface device to 42.5%
for the light-trapping device, proving that the light-trapping effect is angle insensitive

in the flexible SPAD.
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Figure 5.9: (a) Measured external quantum efficiency comparison of SPAD without the light-trapping

structure. (b) Measured external quantum efficiency comparison of SPAD with the light-trapping

structure.
a b
100 100
Flat surface SPAD —10° Light-trapping SPAD —10°
0
204 —50
—_—70°
w %1 w
g g
w w
40 4
20
04 0 T T T T T T T T T T T
750 800 850 900 950 1000 1050 750 800 850 900 950 1000 1050
Wavelength (nm) Wavelength (nm)

Figure 5.10: Angular dependence EQE results with flexible flat surface SPAD and flexible light
trapping SPAD

5.4 Near infrared single photon detection efficiency enhancement

Based on the above discussion, we can conclude that the light-trapping structure
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allows more light absorption, resulting in higher EQE. However, two more factors can
influence the value of the SPDE, as indicated by the equation'?%: SPDE= FF x EQE x
euigger, Where FF is the device photo sensing area fill factor, EQE is the detector quantum
efficiency, and &uigger 1S the probability of the simultaneous presence of an electron and
a hole to trigger the avalanche process. Since the electrical properties of the flexible
SPAD do not change after the substrate removal and the device transfer print process,
the value of etrigger should be the same in the flexible SPAD and control SPAD.
Therefore, the fill factor is an important parameter which can decide the value of the
SPDE. (Fill factor: photo sensing area/the device area) Fig.5.11(a) and (b) show the

flexible SPAD with front side and back side, respectively.
a b

Figure 5.11: (a) Front surface image of flexible SPAD. (b) Back surface image of flexible SPAD; photo

sensing area is enhanced compared with the front surface device.

As can be seen from these two figures, the fill factor of the flexible SPAD from
back side is larger than that from the front side, since there is no metal electrode
blocking the light from the back side. We then utilized the gated Geiger mode with a

passive quenching circuit to measure the SPDE of both flexible SPAD and control
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SPAD. The measuring circuit can be seen in Fig.5.12.

Vdd
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Figure 5.12: Measuring circuits for single photon detector testing

The SPAD is DC biased below breakdown voltage and fed with a gated voltage
source by a signal generator to work in the Geiger mode. The light source and device
are synchronized by the signal generator internal trigger (5ns window length with 1 kHz
duty cycle). The light source is attenuated through an optical density filter and
integrating sphere, and calibrated by reference optical power meter, device is DC
reverse biased at 7.5 V and gated voltage pulse is 2.5 V. An oscilloscope is used to

record all the avalanche events triggered by the device during measurement.
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Figure 5.13: SPDE (single-photon detection efficiency) comparison of control SPAD (single-photon
avalanche photodetector) under FSI (front-side illumination) and flexible SPAD under FSI and BSI

(back-side illumination) mode.

Fig.5.13 shows the SPDE result of both flexible SPAD and control SPAD. The
SPDE comparison in Fig.5.13 shows that the FSI-flexible SPAD has lower detection
efficiency than the FSI-control SPAD. The detection efficiency decrease of the FSI-
flexible SPAD can be mainly attributed to the absence of the silicon substrate, which
can act as a reflector in the near-infrared wavelength region. The light reflection from
the Si02/Si interface is calculated to be 18.9% at the wavelength of 850 nm, by using
the Fresnel equation. On the other hand, the substrate of the flexible SPAD is SiO2 and
low refractive index SU-8/PET (about 1.58 and 1.53 at the wavelength of 850 nm27,28),
which does not form an efficient reflector compared to the combination of SiO2 and
silicon substrate. The reflection from the Si02/SU-8 interface is calculated to be only
0.3% at the wavelength of 850 nm. However, the lack of reflector associated with the
flexible SPAD can be solved by using back surface illumination (BSI). When the

flexible SPAD works in the BSI mode, both the light-trapping structure and the anode
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metal electrode can serve as the reflector. We further measured the flexible SPAD under
the BSI mode. As shown in Fig.5.13, the SPDE of the BSI mode is similar or even
higher than that of the control SPAD. Compared with the control SPAD, in which 36.2%
of the photo sensing area has been blocked by the anode metal electrode. The blocking
area can be calculated from the Fig.5.12(a). The flexible SPAD working under the BSI
mode gives higher fill factor due to the absence of the metal electrode blocking layer.
Therefore, in terms of SPDE enhancement, the combination of the light-trapping
structure and the higher fill factor gives the flexible SPAD better performance than the
control SPAD.
5.5 Detector timing jitter characterization

Another important figure of merit for an SPAD is timing jitter, which describes the
uncertainty time distribution of the photo generated carriers reach the depletion region
and are collected. Small timing jitter such as lower than 100 ps is required, where the
SPAD is used to detect and reconstruct the decay light signal which has fast decay time

80,123

in the order of few nano-seconds or in the order of sub nano-seconds from ultrafast

127,128 129

scintillators and fluorescence components <”. Due to the micron-meter thin of our
flexible SPAD, the full-width at half maximum (FWHM) timing jitter of our flexible
SPAD is designed to be sub-100ps level. To measure the timing jitter, we employed the
time-correlated single-photon counting (TCSPC) technique'*°, with the 850nm pico-

second laser (Hamamatsu PLP-10). The laser and the device are synchronized by the

signal generator. An ultrafast oscilloscope (Wavesurfer 510) with bandwidth of 1GHz
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is used to monitor the avalanche pulses from the device. Since the flexible SPAD has
its best detection efficiency under BSI mode, we characterize the timing jitter letting
the flexible SPAD work under the BSI mode and compare the performance with the
control sample.

a b

10° 10°
Control light-trap. SPAD (FSI) Flexible light-trap. SPAD (BSI)

FWHM: 84 ps

FWHM: 75 ps

10"
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Time (ns) Time (ns)
Figure 5.14: Timing jitter characteristics of flexible and control SPADs (a) Timing jitter performance
of control SPAD under FSI mode, with 75 ps FWHM timing jitter. (b) Timing jitter performance of
flexible SPAD under BSI mode, with 84 ps FWHM timing jitter.

Fig.5.14 show the timing jitter comparison, where the FWHM timing jitter of BSI-
flexible SPAD is 84 ps and the control SPAD is 75 ps. The FSI-flexible SPAD timing
jitter (also shown in Fig.5.14) is the same as the control SPAD. This timing jitter, as far

as we trace the literature!3!"13

, 1s the best performance among the flexible SPAD work.
The increase of BSI-flexible SPAD timing jitter may come from the more lateral
collection of photon-generated carriers, since the fill factor of BSI-flexible SPAD is
higher than the FSI-control SPAD.
5.6 Single photon detector performance under flexure

The mechanical bending properties of the flexible SPAD is the final performance

metrics we focus on. To satisfy the bending properties, each SPAD is isolated to form a

single device island (880 um in length and 440 pm in width) by the dry etching method.
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Fig.5.15 shows the photo image of flexible SPAD wrapped around a glass rod which

has a radius of 2.5 mm.

Figure 5.15: Photo image of flexible SPAD wrapped around a glass rod whose radius of curvature is

2.5 mm

To demonstrate that the device can work properly under the bending condition, the
bent flexible SPAD was used to measure the dark count rate (DCR) and compare it with
the control sample. A probe station was used for the DCR measurement. As shown in
Fig.5.16, the waveform captured from the oscilloscope shows that the device dark count
electrical performance remains consistency among the flexible SPAD and the control
SPAD. The typical DCR of flexible SPAD and control SPAD is 400kHz and, maximum
DCR is about 600kHz. The high DCR mainly results from the lack of a guard ring
structure, which can be added using a CMOS-compatible fabrication process. Further
measurements of timing jitter show the flexible device can also work normally under
when bent to the radius of 2.5 mm (76 ps FWHM under FSI; the control SPAD has 75
ps FWHM, see the supporting information for the data under bent condition), which
suggests our device can be wrapped around small object and used for optical

tomography35.



84

Control SPAD

Amplitude (mV)
=~

-800 600 _400 -200 0 200 400 600 800
Time (nS)
10
< Flexible SPAD
£ 84
S 61
=
= 4
g
< 27
0 . . . . . .
-800 600 .400 .200 0 200 400 600 800
Time (nS)

Figure 5.16: Dark count rate comparison of control SPAD and flexible SPAD
Finally, we conduct a finite element strain analyses (FEA) by modeling the entire
device in ABAQUS software. The simulation results (Fig.5.17) show that the maximum
strain is located at the boundary of the device. When the radius of curvature reaches 2.5
mm, as experimentally used in our case, the maximum strain in the silicon across the
entire device is ~ 1.0 %, which is below the silicon fracture limit (1.81%). Both the
experiments and the simulations show that the flexible SPAD can work normally under

moderate bending deformation.

Strain (%)
1.00

0.70

0.39

Figure 5.17: Strain simulations of flexible SPAD under the bending radius of 2.5 mm. The maximum
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strain over the device is 1.0 % on the boundary of the device.

5.7 Conclusion

To conclude, we report a flexible SPAD with enhanced single photon detection
efficiency compared with the control SPAD. With the light-trapping nano structure and
higher fill factor due to the detection method of BSI, the flexible SPAD reaches higher
SPDE than the control SPAD one from the wavelength range of 820 nm to 980nm. The
timing jitter of the flexible SPAD remains below 100 ps, which is consistent with the
control SPAD. This consistency indicates the fabrication process we developed for the
flexible SPAD does not damage the performance of SPAD. The final characterization
of the bent flexible SPAD proves our device can work normally under the bending
curvature of 2.5mm. This flexible SPAD we have developed can be a strong candidate
for implantable biomedical imaging/sensing purposes, high sensitivity bionic eyes for
enhancing human vision, or the realization of three-dimensional, single-photon optical

tomography for small biological structures.
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6 Conclusions

In this thesis, several types of photo detector devices are demonstrated, including
metal-semiconductor-metal photo conductors, metal-semiconductor-metal Schottky
photodiodes, p-i-n photodiodes and avalanche photodiodes working in Geiger mode.
All the detectors are based on the semiconductor thin films, the thickness varies from 3
um to 5 nm. These thin film-based detectors show very unique performance such as
very low dark current, mechanically flexible as well as wavelength selective due to thin
film interference effect. Thanks to our unique fabrication technique, the semiconductor
thin film can be transferred to various substrate to achieve different sensing purposes.
In the first work, we show by transferring the ultrathin germanium film on the pre-
designed optical cavity, the detector can show strong wavelength selective photo
response behavior. Since the interference effect is based on both the value of refractive
index and the extinction ratio, the wavelength selective photo sensing purpose can be
achieved by slightly changing the thickness of the germanium thin film, from 100 nm
to 5 nm. Also, the dark current is greatly suppressed by reducing the thickness of the
germanium thin film. In the second work, we continue to exploit the first work and
utilize it to achieve a broadband, high resolution spectrometer. The design for the
spectrometer is we transfer print two types of semiconductor thin films (silicon and
germanium) on the designed cavity. The designed cavity has a grayscale Al,O3 spacer
layer, therefore, each silicon or germanium photon sensing pixel has its own photo

response spectrum fingerprint. This device proves by combing the semiconductor thin
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film and the grayscale optical cavity structure, our device can replace the conventional,
bulky newton light prism to achieve high resolution hyper-spectral imaging.

We continue our work to explore more possibilities to utilize the semiconductor
thin film for photo detection purposes. The above work is focused on wavelength
selective photodetection work. In the following work, we explore the possibilities of
using semiconductor thin film as the single-photon detector. We used the chemical
vapor deposition method to grow the p-i-n doping profile on the semiconductor thin
film, after the material deposition, standard nanofabrication method is used to fabricate
a mesa-type single-photon detector. In order to enhance the detecting efficiency,
inverted nano-pyramid structure was fabricated on the single-photon detector. After the
thin film-based device is fabricated, the device was transferred to flexible substrates to
test the single photon responses. The result shows that photon detection efficiency was
enhanced because of the inverted, nano-pyramid structure and the detection method of
back side illumination. Further work can be investigated by using this flexible single-
photon detector. For example, this device can be implanted into live body to detect bio-
information or can be used as a basic component for retina protheses. At last, we
investigate the relationship of detection efficiency with the temperature change. By this
investigation, we conclude that the p-i-n photodiode’s single photon detection
efficiency with ultrathin intrinsic layer is less sensitive to temperature change. This
conclusion is helpful when developing a flexible single photon detector for a

complicated biomedical detection.
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To make a final conclusion, the semiconductor thin film-based photo detector is a
strong candidate for high efficiency detection. And various types of photo detector can
be achieved, especially in the area of single-photon detection, wavelength selective
detection for hyper-spectral imaging as well as implantable single-photon level

biomedical detection or retinal protheses.
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7 Future work

We have discussed three types of photo detection devices in this thesis, which
includes ultrathin semiconductor thin film-based photo conductors, thin film-based
spectrometers and flexible single photon detectors. All of these three types of detectors
are still being further developed in lab to achieve more competitive performance and
we are seeking to commercialize these devices.

So far, the photo conductor we have developed has very small photo sensing area
(about 50 umx100 um). However, the current photo conductor in the market are usually
required very large area (about 10 mmx>10 mm), since large area photo conductor have
much higher chance to detect the light signal from all the directions. Therefore, the
development of large area, ultrathin semiconductor thin film is the remained work to be
done. In this work, the membrane transfer method is used to fabricate the device. In
future work, we would use the substrate removal method to obtain large area, uniform
ultrathin semiconductor membrane and transfer the membrane to foreign optical cavity.

The spectrometer we have developed is still under calibration. To develop a
spectrometer which can recover the electromagnetism spectrum precisely, the number
of photon sensing pixel should be as many as possible. However, the metal interconnect
becomes an issue when the pixel number is designed to be 320. In this case, double
layer metal interconnect should be designed. This design is just recently developed and
needs further experimental work. After the experimental work is finished, the

spectrometer needs to be recalibrated.
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The flexible single-photon avalanche photodetector needs denser and more pixels
in one chip for future use. In order to achieve this, the tape-out for IC circuit is needed
in this case. Device needs to be re-designed in software in computer-aided design
software like Cadence™, the device needs to fit well into the IC fabrication process
flow by using the silicon-on-insulator substrate and then do the device layer release to
the flexible substrate. Issues with the flexible device such as device isolation and

performance under bent condition needs to be recalibrated.
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