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Abstract: Highly sensitive ultraviolet (UV) photodetectors are highly desired for industrial and
scientific applications. However, the responsivity of silicon photodiodes in the UV wavelength band
is relatively low due to high-density Si/SiO, interface states. In this paper, a coplanar avalanche
photodiode (APD) was developed with a virtual guard ring design. When working in Geiger
mode, it exhibited a strong UV response. The responsivity of 4 x 103 A/W (corresponding to a
gain of 8 x 10°) at 261 nm is measured under the incident power of 0.6 pW with an excess bias of
1.5 V. To the best of our knowledge, the maximum 3-dB bandwidth of 1.4 GHz is the first report
ever for a Si APD when working in the Geiger mode in spite of the absence of an integrated CMOS
read-out circuit.
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1. Introduction

The highly sensitive ultraviolet (UV) photodetector is intensively demanded owing
to its great potential in applications of scientific analysis, industrial systems, fire warn-
ing, etc. [1-5]. Recently, high-sensitive UV photodetectors are of great interest in the
area of quantum communications and quantum ghost imaging [6,7]. Si photodetector
is the workhorse in the wavelength range from 300 to 1100 nm with the distinctive
advantages of high responsivity (R), low noise, and low cost. Especially, its large-scale
array can be fabricated by CMOS technology with easy integration of read-out circuits,
which is an important feature for imaging applications. However, its photoresponse is
relatively low in the UV wavelength band because high Si/SiO, interface state density
results in strong interface non-radiation recombination [8].

In order to improve the UV response of Si photodiode, pure boron (PureB) technology is
developed for an ultrathin and steep junction [9,10], in which the photogenerated carriers are
drifted quickly to the depletion layer under the action of steep junction in order to form the
detectable photocurrent. The PureB layer provides an effective p*-doping of the semiconductor
surface to form a nanometer-thin p*-n junction and a light-entrance window as well. The
external quantum efficiency of the photodiode can reach as high as 96% (0.2 A/W) for the
incident light of 256 nm [10].

To pursue the ultimate sensitivity, UV avalanche photodiode (APD) is highly desired.
Si APD with PureB technology demonstrated relatively high responsivity only at the
wavelength ranging from 330 to 370 nm when operated in the Geiger mode without
applying a capping filter at room temperature [11]. Recently, backside-illuminated (BSI)
APDs with 650 nm-thin Si body based on SOI technology were developed. Peak photon
detection efficiency (PDE) of 22.13% was achieved at a wavelength of 423 nm for the excess
bias (Viy) of 3 V with a dark count rate (DCR) of 156.8 Hz/um? at room temperature. A
significant expansion of the UV sensitivity down to a wavelength of 291 nm was achieved
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with a responsivity of 0.05 A/W at 4 V [12]. Though it was believed that the detection
efficiency of this ultrathin BSI APD in UV wavelength regime down to 291 nm was the best
result ever reported for Si-based BSI APD, it is still a great challenge to realize a UV Si APD
with high sensitivity.

In this paper, a coplanar Si APD structure was developed with a virtual guard ring.
When working in Geiger mode, it exhibited a strong UV response. The Si APD is char-
acterized by low dark current and low breakdown voltage at room temperature. The
responsivity of 4 x 103 A/W (corresponding to a gain of 8 x 10°) at 261 nm is measured
under the incident power of 0.6 uW with an excess bias of 1.5 V. To the best of our knowl-
edge, the frequency response of 1.4 GHz is the first report ever for Si APDs when working
in the Geiger mode in spite of the absence of an integrated CMOS read-out circuit.

2. Design and Results

The upper panel of Figure 1 shows an optical microscope of the Si APD with a diameter
of 100 pm. It is basically an n-on-p structure realized on a p-type epilayer, as depicted in the
bottom panel of Figure 1. The p™ multiplication layer is formed by the implantation method,
followed by an annealing process. Then the p** and n** ohmic contact layers are formed
by ion implantation. The virtual guard ring technique is utilized in this work, in which the
high field is mainly concentrated in the center, and the edge breakdown is suppressed in
such a coplanar structure. The distance between the anode and the edge of the n** layer is
30 pm with an anode width of 20 um. Regrown CMOS-grade dry oxygen oxidation 5iO, was
utilized as an antireflection layer to improve the Si/SiO, interface quality.

Figure 1b shows a cross-sectional electric-field distribution on the right half of the
designed Si APD simulated by Silvaco TCAD. The doping profile provides a high built-in
electric field intensity (E) of ~4 x 10° V/cm at breakdown voltage with a depletion region
width of ~5 pm. The photogenerated holes initiate the impact ionization under the action
of the high electric field and avalanche multiplication in Geiger mode.

The avalanche trigger probability is simulated at a Ve, of 2.5 V by Sentaurus TCAD,
as shown in Figure lc. P, and Pj, are the avalanche trigger probabilities initiated by
electrons and holes across the depletion region, respectively. Py, is the total electron-hole
pairs” avalanche trigger probability. Though the avalanche probability of electrons is higher,
limited by the penetration length for 261 nm light in Si (~5 nm), the hole’s trigger probability
plays a major role in this structure, with the maximum occurring at the edge of the n-side
space-charge region. As illustrated in the inset, photogenerated electron-hole pairs within
the dead region will recombine. Only part of the holes can have the possibility to diffuse to
the edge of the depletion region and then trigger the impact ionization within their lifetime.

Figure 1d shows the temperature dependence of reverse dark current-voltage (I-V)
characteristics, which were measured on the temperature-controlled probe station from room
temperature down to 130 K in steps of about 40 K. The proposed Si APD has low dark current
(I7), which is lower than 0.1 nA. Vj, is 28.5 V at room temperature, which is determined when
I; reaches 100 pA in this work. To be noted, the large noise before breakdown is from the
background and the vibration of the refrigeration system for the probe station, on which
the chip under test was put directly. The inset of Figure 1d presents that V},, increases with
temperature because lattice scattering becomes more intensive with temperature hence the
phonon scattering rate. The temperature coefficient of Vj, is calculated to be 23.5 mV /K for
the temperature ranging from 130 K to 292 K. Carriers will experience lattice scattering and
impact ionization scattering during the drift process under the action of the electric field. Only
when the energy is above the threshold energy, is it possible for the carriers to trigger the
impact ionization process, and then the avalanche process is buildup when it is large enough.
The temperature coefficient of Vj, has a relationship with the phonon scattering degree. A
smaller temperature coefficient of V}, means the breakdown voltage is less sensitive to a
higher temperature, and so are the ionization coefficients. Thus the carriers will scatter fewer
phonons before ionization and acquire the ionization threshold energy much faster, which
shortens the avalanche buildup process. So the relatively small temperature coefficient of V;,
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in our experiment, compared with the reported data [13-15], indicates the carriers acquire the
ionization threshold energy much faster, and scatter fewer phonons before ionization, then a
faster avalanche buildup process [16].

Trigger Probability
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Figure 1. Design and electrical characteristics of the APD. (a) Upper panel: an optical microscope of
the 100-um Si APD. Bottom panel: the cross-sectional view of the device. (b) Simulated electric field
at breakdown with a depletion region width of ~5 pm. (c) Probability to breakdown is simulated at
the Ve of 2.5 V by Sentaurus TCAD. Inset: Illustration of photogenerated carrier transit process under
the external bias. Part of photogenerated holes trigger the avalanche, while most of photogenerated
electrons are trapped at the Si/SiO, interface. (d) Measured reverse dark current-voltage (I-V) curves
at temperature from 130 K to 292 K in steps of about 40 K, respectively, for a Si APD with a diameter
of 100 um. Inset: Temperature dependence of V,, which is calculated to be 23.5 mV /K for the
temperature ranging from 130 K to 292 K.

Figure 2a shows the reverse I-V characteristics with and without light illumination at
room temperature. After calibration, the incident light power (P) of 0.6 uW, 1.8 pW, 6 uW,
30 uW, and 180 uW are achieved, respectively, with the laser wavelength of 261 nm, which
is attenuated by a series of ultraviolet neutral density filters. The photocurrent, defined
by subtracting dark current from the current under illumination (I,), increases with the
incident light power before breakdown due to the increase of photogenerated carrier. After



Sensors 2022, 22, 3873

40f9

breakdown, the photocurrent for all the incident light power increases suddenly. Avalanche
gain (M) is defined as the ratio of photocurrent to that at a reference bias Vp for M =1,
which can be expressed as [17]

(V) = La(V)
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Figure 2. Photoresponse and frequency response of the APD. (a) Measured reverse current-voltage-
gain curves of the Si APD at different incident light power (0.6 uW, 1.8 uW, 6 uW, 30 uW, 180 uW)
of 261 nm. Dark current, photocurrent, and gain are represented by black short dot, colored dash
line and corresponding colored solid line, respectively. (b) The responsivity as a function of reverse
bias under the illumination of 261 nm. Inset: Extracted responsivity and gain at 30 V from Figure 2a
and the corresponding fitting results. (c) Spectral responsivity measurement results biased above
breakdown for the incident light wavelength from 200 nm to 400 nm. Inset: Spectral responsivity
biased before breakdown. (d) Measured optical modulation frequency response at different reverse
biases when the incident light wavelength is 850 nm for the 100-um Si APD.

W is set to be 10 V in this work. The gain curves increase sharply with bias due to the
avalanche multiplication process even when the bias is larger than Vj,.

Figure 2b presents the responsivity R as a function of external bias under the illumi-
nation of 261 nm. At 10V, the responsivity is around 0.5 mA /W at an incident power of
0.6 pW with a quantum efficiency of 0.24%. After breakdown, the responsivity increases
also sharply. Inset shows the responsivity and gains results at 30 V under different incident
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light power. The maximum gain of 8 x 10° is obtained at the incident light power of 0.6 pW
with R of 4 x 10> A/W, which can be expressed as

The fitting result shows that
R =1936-P~%%, ®)
M =2x10°P~1%, )

respectively, both R and M are approximately inversely proportional to the incident light
power P after breakdown due to the reduction of electric field intensity in the depletion
region. The effective electric field within the depletion region decreases with the incident
light power, which decreases the avalanche probability. The deviation of R and M from in-
version relation is possibly caused by measurement error. A brief UV response comparison
with other reported reports is shown in Table 1.

Table 1. The UV response comparison with other reported papers.

Reference Structure Responsivity Wavelength Bias
[10] photodiode 02A/W 256 nm 2V
[18] photodiode 0.06 A/W 260 nm ov
[19] photodiode 0.1A/W 255 nm ov
[20] photodiode 02A/W 200 nm ov
[21] APD 0.18 A/W 275 nm 4V

0.05 A/W 4V
[12] APD 103 A/W 291 nm Ver =05V

. 0.5 mA/W 0V
This work APD 4% 103 A/W 261 nm Ve =15V

Figure 2c shows the spectral responsivity measurement results from 200 nm to 400 nm
under the bias above breakdown by Acton SpectraPro 2500i monochromator (Acton Re-
search Co., Acton, MA, USA). The power of the spectral light source is obtained by a
commercial Si photodiode according to the definition of R. The light source power increases
with the wavelength from 0.1 nW to 46 nW. It can be seen the responsivity enhances greatly
for the wavelength lower than 300 nm. The peak responsivity of 3.3 x 107 A/W is obtained
at around 220 nm when biased at 31 V. Compared with the data in Figure 2b, ~4 orders of
magnitude enhancement in responsivity are caused by ~4 orders of magnitude reduction of
the incident light power. Inset shows the spectral responsivity measurement results biased
before breakdown. All the responsivity curves increase with bias with a peak wavelength of
around 220 nm. Besides, the DCR of the device is also measured with a passive quenching
circuit. The DCR is high and even increases to 100 kHz. It may be attributed to the relatively
low quality of the used substrate material, which causes high trap-assisted tunneling at
large electric field strengths [22].

Figure 2d shows the optical modulation frequency response S»; of Si APD at differ-
ent biases measured by using Vector Network Analyzer (VNA) with a 25 Gbit/s 850 nm
vertical-cavity surface-emitting laser (VCSEL, New Focus, San Jose, CA, USA) as the light
source. Prior to the measurement, the on-wafer short-open-load calibration without illumi-
nation was carried out for measurement accuracy. After breakdown, the 3-dB bandwidth
increases abruptly due to an rf enhancement effect. This rf peaking is attributed to in-
ductive component generation in the avalanche region of an APD [23,24]. The maximum
3-dB bandwidth obtained is 1.4 GHz when biased at 31.7 V. The gain under the illumination
of 850 nm is about 4 x 10° with the same incident power of optical frequency modulation
measurement. The corresponding gain-bandwidth product can be as high as ~6 x 10° GHz.
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Generally, the frequency response of a device is determined by the transit time Tj,4,5it,
diffuse time Tj;¢f,s., and RC time Trc. However, for an avalanche device, the avalanche
buildup time Tyyj;4,p can not be omitted, which is the time interval from the injection of a
carrier into the depletion region to the formation of a measurable avalanche multiplication
current [25]. Tyyjqup is strongly dependent on the electric field profile of the reverse-biased
depletion region [26]. Hence, the response time T can be derived to be

_ /2 2 2 L 2
T= \/ Tpuitdup + Transist T TRC + Tif fuse’ ®)

where the p-type layer is completely depleted without the carrier diffusion process, Ty;ffuse
can be omitted here.
Avalanche buildup time can be expressed by

Thuildup = 7-M, (6)

where T is the intrinsic response time [27,28], and is considered to be closely related to the
mean free time between ionization collisions.

= N'kgff'la/vsr )

where is obtained by Takao Kaneda [29,30], and ks can be expressed by

keff = ,B/IX maxs (8)

where /, is the avalanche region width, vs is the carrier saturation velocity, and § and
« are the hole and electron collision ionization coefficients, respectively. N is a number
varying slowly from 1/3 to 2 as B/« varies from 1 to 1073, respectively [29,30]. All these
parameters are from the simulation results of the electric field distribution at V},, with the
corresponding ionization coefficient by Silvaco TCAD software, as shown in Figure 3a.
Both « and B show an exponential relationship with the electric field, which are

& = 6.97 x 105.¢~124x10°/E, ©)

B =147 x 100.~201x10°/E (10)

respectively. The maximum electric field Ep; is 3.7 x 10° V/cm according to the simulation
and then ks is 0.265. From the doping profile of this simulation structure shown in the
inset of Figure 3a, it can be seen that /, is about 1.4 um and N is 1.1 from Takao Kaneda’s
calculation [30]. Then 11 of 4.08 ps can be obtained.

Figure 3b presents the data from Figure 2a of 1/M versus the reverse bias with the
incident light power of 30 uW. The intercept of the voltage axis should be the theoretical V,
(28.5 V) under illumination, and then the corresponding gain is 156, according to Shockley’s
gain empirical formula [31]

1/ M=n(1-V/V,). (11)

where 7 is a constant which depends on the material. Hence, Tyyijgup is 636.48 ps. Tyrausit 1S
estimated to be 50 ps with saturated velocity because the p-epi layer is completely depleted
without the carrier diffusion process. Trc is estimated to be 498 ps according to our capacitance-
voltage and I-V measurement results for this Si APD. Hence, the response time 7 is around
809.70 ps, which can match the optical modulation frequency response results.
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Figure 3. Electric field simulation and 1/M versus reverse voltage. (a) « (red symbol), B (blue symbol),
and electric field (black symbol) distribution at Vy,. Inset: Extracted doping profile of the structure.
(b) 1/M as a function of reverse bias at 30 uW (black line) and fitting curves (red dash line) from
Figure 2a. Inset: Enlarged view at the breakdown.

3. Discussion

In order to figure out the UV response mechanism of our device, APD structures
with the temperature coefficient of V}, of 0.5~0.7 V/K from different sponsors are selected
for experiment comparison. However, no UV response signal was obtained. Also, for
the APDs with the same multiplication junction, no matter lateral or vertical structure, it
was easy to obtain a clear and obvious UV response current only after breakdown. It is
known that such a multiplication structure with a low temperature coefficient of V, is
typically for high-precision time-of-flight measurement due to its high timing resolution.
We attributed the UV response to such a special multiplication structure with a small
temperature coefficient of Vj,.

The temperature coefficient of V}, is an indicator of phonon scattering degree or energy
acquisition efficiency from the high electric field. Within the same multiplication length, if
carriers can acquire the impact ionization threshold energy faster and suffer from fewer
phonon scattering, that is short avalanche buildup time, the temperature dependence of the
ionization coefficient will be consequently reduced, which results in a smaller temperature
coefficient of V},. High timing performance is resulted from the inhibited avalanche
randomness process.

As analyzed above, avalanche buildup time can not be omitted due to its complicated
impact ionization and accumulation process. The fast avalanche buildup process indicates
photogenerated holes have a chance to trigger the impact ionization within their lifetime
after diffusing to the edge of the depletion region. While the lifetime of holes is determined
by the electron trapped by the interface states, which shortens the effective lifetime of
these photogenerated carriers greatly [32]. If a photogenerated hole triggers the avalanche
process within the lifetime of the photogenerated electron, the UV signal can be enlarged
and detected. That’s the reason that UV response signal can be obtained by only Si APDs
with a low temperature coefficient of V.

4. Conclusions

A UV Si APD with a photosensitive diameter of 100 pm is demonstrated based on lat-
eral structure. The static and dynamic characterizations were carried out for understanding
the UV response in Si APDs. The temperature coefficient of V}, is 23.5 mV /K and a low
Vi, of 28.5 V at room temperature. The maximum responsivity of 4 x 103> A/W (corre-
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sponding to a gain of ~8 x 10°) is achieved at a wavelength of 261 nm under the incident
power of 0.6 uW after breakdown. The maximum 3-dB bandwidth obtained is 1.4 GHz
when biased at 31.7 V under the 850 nm laser illumination. Then the avalanche buildup
time of the Si APD used in this work has been estimated to be ~640 ps. The UV response of
the Si APD is attributed to the fast avalanche buildup process. This work helps understand
how to obtain a high UV response in Si APDs.

Author Contributions: Conceptualization, X.G.; formal analysis, Q.L.; funding acquisition, X.G.;
investigation, Q.L., L.X., A.H. and X.G.; methodology, Q.L., L.X. and Y.W.; project administration,
X.G.; software, L.X., Y.J. and S.Z.; supervision, X.G.; validation, Q.L., L.X., YW. and X.G.; visualization,
Q.L. and X.G.; writing—original draft, Q.L. and Y.W.; writing—review & editing, Q.L., L.X., YW. and
X.G. All authors have read and agreed to the published version of the manuscript.

Funding: This work was partially funded by National Key R&D Program of China (2021YFB2012601),
NNSF of China (12174036).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: All the authors thank N.G. and Y.W. of Xiamen University for UV spectral
measurement and X.D. of Beijing University of Posts and Telecommunications for the frequency
modulation measurement.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Xu, W.Z; Shi, Y.T,; Ren, FF; Ren, F; Zhou, D.L; Su, L,; Liu, Q.; Cheng, L.; Ye, J.; Chen, D.J.; et al. Magnesium ion-implantation-
based gallium nitride pin photodiode for visible-blind ultraviolet detection. Photonics Res. 2019, 7, B48-B54. [CrossRef]

2. Cai, Q.; You, H.; Guo, H.; Wang, ].; Liu, B,; Xie, Z.; Chen, D.J.; Lu, H.; Zheng, Y.D.; Zhang, R. Progress on AlGaN-based solar-blind
ultraviolet photodetectors and focal plane arrays. Light Sci. Appl. 2021, 10, 94. [CrossRef] [PubMed]

3. Chen, J.; Ouyang, W.; Yang, W.; He, ].H.; Fang, X. Recent progress of heterojunction ultraviolet photodetectors: Materials,
integrations, and applications. Adv. Funct. Mater. 2020, 30, 1909909. [CrossRef]

4. Lee, CJ.,; Won, C.H.; Lee, ] H.; Hahm, S.H.; Park, H. GaN-based ultraviolet passive pixel sensor on silicon (111) substrate. Sensors
2019, 19, 1051. [CrossRef]

5. Yang, S.; Zhou, D.; Xu, W.Z,; Cai, X.L.; Lu, H.; Chen, D.J.; Ren, EF; Zhang, R.; Zheng, Y.D. 4H-SiC ultraviolet avalanche
photodiodes with small gain slope and enhanced fill factor. IEEE Photonics ]. 2017, 9, 6801508. [CrossRef]

6.  DiBenedetto, L.; Landi, G.; Licciardo, G.D.; Neitzert, H.C.; Bellone, S. Photovoltaic behavior of V 2 O 5/4H-SiC Schottky diodes
for cryogenic applications. IEEE |. Electron Devices Soc. 2015, 3, 418-422. [CrossRef]

7. Gilaberte Basset, M.; Setzpfandt, F.; Steinlechner, F.; Beckert, E.; Pertsch, T.; Gréfe, M. Perspectives for applications of quantum
imaging. Laser Photonics Rev. 2019, 13, 1900097. [CrossRef]

8.  Korde, R; Geist, ]. Quantum efficiency stability of silicon photodiodes. Appl. Opt. 1987, 26, 5284-5290. [CrossRef]

9. Nanver, L.K,; Qi, L.; Mohammadi, V.; Mok, K.R.M.; De Boer, W.B.; Golshani, N.; Sammak, A.; Scholtes, T.L.M.; Gottwald, A.;
Kroth, U.; et al. Robust UV/VUV/EUV PureB photodiode detector technology with high CMOS compatibility. IEEE |. Sel. Top.
Quantum Electrons 2014, 20, 306-316. [CrossRef]

10. Koda, Y.;; Kuroda, R.; Nakazawa, T.; Nakao, Y.; Sugawa, S.A. UV Si-photodiode with almost 100% internal Q.E. and high
transmittance on-chip multilayer dielectric stack. Proc. SPIE 2013, 8659, 86590].

11. Qi, L; Mok, K.R.C.; Aminian, M.; Charbon, E.; Nanver, L.K. UV-sensitive low dark-count PureB single-photon avalanche diode.
IEEE Trans. Electron Devices 2014, 61, 3768-3774. [CrossRef]

12.  Alirezaei, I.S.; Andre, N.; Sedki, A.; Gerard, P; Flandre, D. An Ultra-thin ultraviolet enhanced backside-illuminated single-photon
avalanche diode with 650 nm-thin silicon body based on SOI technology. IEEE J. Sel. Top. Quantum Electrons 2021, 28, 1-10.
[CrossRef]

13. Laforce, F. Low noise optical receiver using Si APD. Proc. SPIE 2019, 7212, 721210.

14. Chung, C; Backes, T.; Dittmar, C.; Karpinski, W.; Kirn, T.; Louis, D.; Schwering, G.; Wlochal, M.; Schael, S. The Development of
SiPM-based fast time-of-flight detector for the AMS-100 experiment in space. Instruments 2022, 6, 14. [CrossRef]

15. Cheng, Z.; Xu, H.; Chen, Y. Design of low noise avalanche photodiode single element detectors and linear arrays through CMOS
process. Proc. SPIE 2019, 10978, 109780F.

16. Tan,L.J.J;Ong, D.S.G,; Ng, ].S.; Tan, C.H.; Jones, SK.; Qian, Y.; David, ].P.R. Temperature dependence of avalanche breakdown in

InP and InAlAs. IEEE ]. Quantum Electrons 2010, 46, 1153-1157. [CrossRef]


http://doi.org/10.1364/PRJ.7.000B48
http://doi.org/10.1038/s41377-021-00527-4
http://www.ncbi.nlm.nih.gov/pubmed/33931580
http://doi.org/10.1002/adfm.201909909
http://doi.org/10.3390/s19051051
http://doi.org/10.1109/JPHOT.2017.2679021
http://doi.org/10.1109/JEDS.2015.2451097
http://doi.org/10.1002/lpor.201900097
http://doi.org/10.1364/AO.26.005284
http://doi.org/10.1109/JSTQE.2014.2319582
http://doi.org/10.1109/TED.2014.2351576
http://doi.org/10.1109/JSTQE.2021.3129274
http://doi.org/10.3390/instruments6010014
http://doi.org/10.1109/JQE.2010.2044370

Sensors 2022, 22, 3873 90f9

17.

18.

19.
20.

21.

22.

23.
24.

25.
26.

27.
28.
29.
30.
31.

32.

Steindl, B.; Enne, R.; Schidl, S.; Zimmermann, H. Linear mode avalanche photodiode with high responsivity integrated in
high-voltage CMOS. IEEE Electron Device Lett. 2014, 35, 897-899. [CrossRef]

Xia, Z.; Zang, K.; Liu, D.; Zhou, M.; Kim, T.J.; Zhang, H.; Xue, M.; Park, J.; Morea, M.; Ryu, ].H.; et al. High-sensitivity silicon
ultraviolet p*-in avalanche photodiode using ultra-shallow boron gradient doping. Appl. Phys. Lett. 2017, 111, 081109. [CrossRef]
Yampolsky, M.; Pikhay, E.; Roizin, Y. Embedded UV Sensors in CMOS SOI Technology. Sensors 2022, 22, 712. [CrossRef]

Garin, M.; Heinonen, J.; Werner, L.; Pasanen, T.P.; Vihinissi, V.; Haarahiltunen, A.; Juntunen, M.A.; Savin, H. Black-silicon
ultraviolet photodiodes achieve external quantum efficiency above 130%. Phys. Rev. Lett. 2020, 125, 117702. [CrossRef]
Alirezaei, I.S.; Andre, N.; Flandre, D. Enhanced ultraviolet avalanche photodiode with 640-nm-thin silicon body based on SOI
technology. IEEE Trans. Electron Devices 2020, 67, 4641-4644. [CrossRef]

Liu, Q.L; Liu, C.; Wang, Y.T.; Hao, L.X.; Huang, Y.Q.; Hu, A.Q.; Guo, X. Development of silicon single photon detector and its
application in high-precision satellite-to-ground time comparison (Invited). Infrared Laser Eng. 2021, 50, 20211004.

Sze, SM.; Ng, K.K. Physics of Semiconductor Devices; John Wiley & Sons: New York, NY, USA, 2006.

Kim, G.; Kim, I.G.; Baek, ].H.; Kwon, O.K. Enhanced frequency response associated with negative photoconductance in an
InGaAs/InAlAs avalanche photodetector. Appl. Phys. Lett. 2003, 83, 1249-1251. [CrossRef]

Decoster, D.; Harari, J. (Eds.) Optoelectronic Sensors; John Wiley & Sons: Hoboken, NJ, USA, 2013.

Tan, C.H.; Ng, J.S.; Rees, G.J.; David, J.P.R. Statistics of avalanche current buildup time in single-photon avalanche diodes. IEEE ].
Sel. Top. Quantum Electrons 2007, 13, 906-910. [CrossRef]

Kuvas, R.; Lee, C.A. Quasistatic approximation for semiconductor avalanches. J. Appl. Phys. 1970, 41, 1743-1755. [CrossRef]
Kaneda, T.; Takanashi, H. Avalanche buildup time of silicon avalanche photodiodes. Appl. Phys. Lett. 1975, 26, 642-644. [CrossRef]
Emmons, R.B. Avalanche photodiode frequency response. J. Appl. Phys. 1967, 38, 3705-3714. [CrossRef]

Kaneda, T.; Takanashi, H.; Matsumoto, H.; Yamaoka, T. Avalanche buildup time of silicon reach through photodiodes. J. Appl.
Phys. 1976, 47, 4960-4963. [CrossRef]

Johnson, K.M. High-speed photodiode signal enhancement at avalanche breakdown voltage. IEEE Trans. Electron Devices 1965,
12, 55-63. [CrossRef]

Soci, C.; Zhang, A.; Xiang, B.; Dayeh, S.A.; Aplin, D.PR.; Park, J.; Bao, X.Y.; Lo, Y.H.; Wang, D. ZnO nanowire UV photodetectors
with high internal gain. Nano Lett. 2007, 7, 1003—-1009. [CrossRef]


http://doi.org/10.1109/LED.2014.2336678
http://doi.org/10.1063/1.4985591
http://doi.org/10.3390/s22030712
http://doi.org/10.1103/PhysRevLett.125.117702
http://doi.org/10.1109/TED.2020.3017699
http://doi.org/10.1063/1.1600512
http://doi.org/10.1109/JSTQE.2007.903843
http://doi.org/10.1063/1.1659100
http://doi.org/10.1063/1.88010
http://doi.org/10.1063/1.1710199
http://doi.org/10.1063/1.322502
http://doi.org/10.1109/T-ED.1965.15453
http://doi.org/10.1021/nl070111x

	Introduction 
	Design and Results 
	Discussion 
	Conclusions 
	References

