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Peripheral Nanostructured Porous Silicon Boosts Static and
Dynamic Performance of Integrated Electronic Devices

Alessandro Paghi, Lucanos Strambini, Fabrizio F. Toia, Marco Sambi, Marco Marchesi,

Riccardo Depetro, Marco Morelli, and Giuseppe Barillaro*

Nanomaterials hold the promise of revolutionizing electronics and, in

turn, its applications, thanks to the unique properties of charge carriers
traveling in structures with length scale down to a few nanometers. Here,
the tremendous reduction of mobility and lifetime of charge carriers when
traveling in randomly arranged nanostructured silicon crystallites, namely,
nanostructured porous silicon (n-PSi), is leveraged to simultaneously
improve the turn-off switching speed and reverse operation voltage of
solid-state devices integrated nearby. As a proof-of-concept application, it is
shown that the integration of peripheral n-PSi next to solid-state diodes fab-
ricated by an industrial process, namely, PSi-nanostructured diodes, reliably
improves both the breakdown voltage (>2x increase) and switching time
(30% reduction), with respect to those of reference diodes without n-PSi,
with no significant drawbacks on other diode parameters. This effect is
shown to be robust with respect to n-PSi preparation conditions and diode
architectures, thus paving a new way toward groundbreaking n-PSi applica-

Porous silicon (PSi) is a nano- to
microstructured form of silicon achieved
by anodic etching of a conventional sil-
icon wafer in acidic electrolytes.[?”! Since
the discovery of quantum-confinement
room temperature luminescence from
porous silicon,/?!l nanostructured porous
silicon (n-PSi) has greatly attracted the
attention of researchers, who dreamed
of an all-silicon photonics where elec-
tronic circuits and light emitting devices
were integrated together in a silicon
chip.??l As the difficulties in increasing
and stabilizing light emission of n-PSi
LEDs soon became apparent, reports
on the modulation of bulk-silicon prop-
erties (e.g., mechanical, thermal, elec-
trical, optical, and biochemical) through
reduction to its n-PSi form!?3 have sus-

tions in microelectronics.

Over the past two decades, a number of nanomaterials
have been proposed either to push performance of or to
provide an alternative for silicon-based electronic devices.
Among these materials, nanostructured forms of semicon-
ducting materials, such as, silicon nanowires (SiNWs),1
metal oxides (MOXs) nanowires,*” and inherently nano-
structured materials, such as, carbon nanotubes (CNTs),-11
graphene nanosheets,''3] transition metal dichalcogenides
(TMDs),[*18 and the so-called X-ene family,”"'] have been
investigated.
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tained porous silicon research over the

following years, opening new opportuni-

ties toward unexpected applications. For
instance, the thermal conductivity of n-PSi can be reduced
over 3 decades with respect to that of crystalline silicon
(c-Si).12324 The low thermal conductivity of n-PSi together
with a reduced heat capacitance have enabled the fabrication
of thermally induced ultrasonic transducers using n-PSi as
a displacement-free (i.e., nonpiezoelectric) emitter.l?’! The
refractive index of n-PSi can be finely tuned from that of ¢-Si
to that of air (almost).?®l The lower n-PSi refraction index,
with respect to that of c-Si, has enabled the fabrication of
label-free optical biosensors exploiting back-scattered n-PSi
interferometers.?’-2°! Bioresorbability of n-PSi can be tuned
from hours to months in physiological conditions.[?*l The
tunable bioresorbability of n-PSi together with its biocompat-
ibility and photoluminescence have enabled the preparation
of drug-loaded self-reporting PSi nanoparticles for medical
applications.3031]

Among electrical properties, mobility and lifetime of charge
carriers in n-PSi have been also reported to be tunable with
respect to that of ¢-Si.3233] The mobility of charge carriers in
n-PSi was shown to reduce down to a factor 10° with respect to
that of bulk silicon.3?l The complex structural network of sil-
icon nanocrystallites of n-PSi produces a strong spatial disper-
sion of drifting carriers over multiple paths different in length
and geometry, which is responsible for the strong reduction
of the mobility of both electrons and holes.?? Recent funda-
mental studies on n-PSi further highlighted how the lifetime
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of charge carriers in silicon nanocrystallites can be signifi-
cantly reduced of a factor 10° with respect to the bulk silicon
counterpart.’3 Carrier recombination via midgap and surface
states in bulk silicon is known to play a significant role in the
carrier dynamics, as demonstrated by measurements carried
out using the reflectivity pump-probe method.?*3°! Due to the
large internal surface of n-PSi, up to 1000 m? cm=3,3% a tre-
mendous number of surface defects form energy states that
interact with the carriers affecting their transport and recom-
bination. Indeed, in n-PSi, the mean diameter of the silicon
nanocrystallites is comparable to the thermal wavelength of
mobile carriers.’3 In such conditions, any mobile carrier has
a wave function that extends over the entire silicon crystallite
cross-section and it nearly equally overlaps with the impuri-
ties located in the interior and on the surface of the silicon
nanocrystallites, thus increasing the recombination rate up to
three orders of magnitude.

The low mobility and lifetime of n-PSi has been often per-
ceived as a kind of deterioration of the porous silicon electrical
properties with respect to the bulk silicon counterpart, contrib-
uting to hinder applications of n-PSi in microelectronics and,
in turn, in solid-state electronic devices.

Here, we leverage the unique mobility and lifetime of charge
carriers in n-PSi, with respect to c¢-Si, to boost, at the same
time, static and dynamic performance of solid-state electronic
devices, thus paving a novel route for the design of solid-state
components in microelectronics. Indeed, diverse and expen-
sive approaches have been used so far to improve breakdown
voltage (e.g., through modification of the curvature radius of
the depletion region using floating field ringst*’® and field
platesi®®3)) and switching time (e.g., by reducing the carrier
lifetime through metal doping or electron irradiation®¥%%) of
microelectronic devices. Conversely, we demonstrate that a
single thin layer of n-PSi can be effectively exploited in micro-
electronic devices as a quasi-ideal carrier sink, enabling to
speed up the device switching time, with an extremely high
critical electric field, permitting to increase the device opera-
tion voltage.

As a case study, we focused on solid-state n*—p diodes fabri-
cated using an industrial microelectronic process, and we modi-
fied some of the diodes with peripheral integration of a 500 nm
thick n-PSi. Electrical characterization of the diodes highlighted
that the integration of peripheral n-PSi was beneficial for
improving breakdown voltage (>2x increase, beyond 70 V) and
turn-off time (30% reduction) of the PSi-nanostructured diodes,
with respect to reference diodes without n-PSi, with no signifi-
cant drawbacks on other diode parameters.

Silicon n*—p diodes were fabricated using a commercial
microelectronic process (reference diodes), and peripheral inte-
gration of n-PSi was carried at the end of the process to achieve
the PSi-nanostructured diodes. A sketch of the main of the fab-
rication process of the diodes is given in Figure 1a. Briefly, a
number of n*-type fingers from 2 to 10, with spacing of 10 um,
length of 80 um, and width (w) either 1 or 10 um, connected to
a n*-type cathode collector were implanted on a p-type silicon
and served as the comb-type cathode of the diode. A p*-type
region was implanted in the p-type silicon in front of the n* fin-
gers and served as the anode contact of the diode (Figure 1a-1).
The diode was fully coated with a silicon dioxide passivation
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layer (thickness 5 um), with anode and cathode of the diode
accessible for measurements through metal pads (Figure 1a-2).
For some of the diodes, those designed to be modified by inte-
gration of n-PSi, the passivation layer was fully etched in cor-
respondence of the region with n*-type fingers. Unmodified
diodes, that is without passivation opening in the region with
n*-type fingers, were used as reference diodes. The diodes
were all coated with a photoresist layer (thickness 5 um), which
served as masking material during the next electrochemical
etching used for the production of n-PSi, apart from the areas
designed for n-PSi formation where the passivation layer was
etched (Figure 1a-3). The electrochemical etching step, which
was carried out at room temperature in a hydrofluoric acid
(HF)-based aqueous solution, converted the p-type silicon
surrounding the n* fingers into n-PSi, leaving the n* fingers
unaffected (that is, crystalline) (Figure 1a-4).#1%2 The die was
then rinsed in acetone, ethanol, and eventually in diethyl ether
to achieve a crack-free n-PSi upon drying. Figure 1b shows
an optical microscope image of an array of diodes, both PSi-
nanostructured and reference, with different finger numbers
and widths. Details of both reference and PSi-nanostructured
diodes with 10 fingers with width of 10 um are given in
Figure 1c—e, before (Figure 1d) and after (Figure le) n-PSi for-
mation; the opening in the passivation layer between anode
and cathode terminals is visible in Figure 1d; in Figure 1e, the
n* fingers of the diode become visible after n-PSi formation
due to refraction index contrast between n-PSi (about 1.8 RIU)
and bulk silicon (about 3.4 RIU).

Two diode architectures were designed, differing for the
n-well region implanted below the n* cathode of the diode and
only partially (type A, rectangular shape) or totally enclosing
(type B, ring-like shape) the n* fingers (Figure S1, Supporting
Information). A single silicon die with size 12 x 18 mm? con-
tained 16 x 11 diodes, including type A and type B both PSi-
nanostructured and reference diodes, with different finger
numbers and widths. Figure S2 in the Supporting Informa-
tion shows optical microscope images of an array of both ref-
erence and PSi-nanostructured diodes integrated in the same
silicon die, before PSi production. Optical microscope images
of pre- and postprocessed PSi-nanostructured diodes (current
density of 35 mA cm™ for 15 s) are given in Figure S3 in the
Supporting Information. A nanostructured porous silicon layer
with porosity of about 60% and thickness ranging from 0.38 to
0.65 um was prepared on different dies tuning current density
(i.e., 35 and 70 mA cm™?) and time (i.e., 15 and 30 s) of the elec-
trochemical etching (Figure S4, Supporting Information), in
agreement with the literature.¥! Silicon crystallites and pores
in the range of few to tens of nanometers are expected for the
n-PSi layers prepared in this work, based on our former work*!
and literature data.[*

Thickness and morphology of the n-PSi layers formed in
between the n* fingers were investigated by focused ion-beam
scanning electron microscopy (FIB-SEM) analysis. Figure 1f~h
shows the outcome of the FIB-SEM analysis of a PSi-nano-
structured diode. A rectangular groove was achieved in the
n* finger area through FIB etching to enable SEM analysis
of the cross-section of the n*-p diode surrounded with n-PSi
(Figure 1f,g). Figure 1h shows the detail of a single n* finger:
the electrochemical etching converted the p-type material
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Figure 1. Fabrication and morphological characterization of PSi-nanostructured diodes: a) Main technological steps of the PSi-nanostructured diode
fabrication: 1) p* anode and n* cathode implants on p-type silicon wafer; 2) silicon dioxide passivation layer deposition and metal pad manufacturing;
3) photoresist layer deposition and photoresist-passivation opening in the n* finger area; 4) electrochemical etching of the p-type silicon surrounding
the n* fingers for peripheral n-PSi formation. b) Optical microscope image of an array of reference and PSi-nanostructured diodes with different fingers
(number and width). Scale bar is 400 um. c—e) Optical microscope image of c) a reference diode and a PSi-nanostructured diode with same architecture
d) before and e) after n-PSi fabrication. Scale bar is 100 um. f-h) FIB-SEM cross-section analysis at different magnifications of a PSi-nanostructured
diode with peripheral n-PSi fabricated at 35 mA cm™ for 30 s. Scale bar is f) 40 um, g) 4 um, and h) 0.4 um.

between n* fingers into nanostructured PSi for a few hundreds
of nanometers, retaining the n* material unaltered. The extent
to which the n-PSi developed in the p-type silicon, in the out-of-
plane direction and in the in-plane direction below the n* fin-
gers, is dependent on current density and time values used for
the etching process.

After n-PSi integration, the die was mounted on a 68-pin
socket (Figure 2a) and both PSi-nanostructured and refer-
ence diodes were subjected to static and dynamic electrical
characterization.
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The static characterization was performed by measuring
the current—voltage (I-V) curve of the diodes between —70 and
+3 V. Figure 2b,c shows experimental [~V curves in semilog-
scale of PSi-nanostructured and reference diodes (type A) with
n* finger width of 1 um (Figure 2b) and 10 um (Figure 2c).
The PSi-nanostructured diodes featured an n-PSi layer pre-
pared at 35 mA cm™? for 15 s. [-V curves of both type A and
type B diodes etched in different conditions are given in
Figures S5-S7 in the Supporting Information. The -V curve
of PSi-nanostructured diodes well agrees with that of reference
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Figure 2. Static electrical characterization of PSi-nanostructured diodes: a) A 16 x 11 array of diodes, both PSi-nanostructured and reference, pack-
aged into a standard 68-pin package. b,c) Current-voltage curve of PSi-nanostructured (red) and reference (black) diodes of type A, with b) w=1pum
and c) w =10 um; the n-PSi was fabricated with a current density of 35 mA cm=2 for 15 s. d) Breakdown voltage and e) series resistance values of
PSi-nanostructured diodes fabricated at current density of 35 mA cm™2 for 15 s and reference diodes. Data are reported as average value measured
over 3 devices for each typology and width, with error bars representing the standard deviation. f) Breakdown voltage and series resistance values
of type A PSi-nanostructured and reference diodes with w =1 um, and n-PSi fabricated at different etching conditions. Data are reported as average
value measured over 3 devices for each etching condition, with error bars representing the standard deviation. g, h) EMMI analysis of g) reference and
h) PSi-nanostructured (current density of 35 mA cm™2 for 15 s) diodes of type A with w =1 um.

diodes for forward biasing, with no significant differences;
the current iy, increases exponentially with the applied voltage
vp according to the Shockley diode model

vD-RSID

in=I(e ™ -1

where I, is the reverse saturation current, Ry is the series resist-
ance, 7 is the diode ideality factor, V; = kT/q is the thermal
voltage, k is the Boltzmann constant, T is the junction tempera-
ture, and g is the elementary charge.[*’] From the superposition
of the -V curves of PSi-nanostructured and reference diodes
in forward biasing, we argue that the presence of peripheral
n-PSi surrounding the n* cathode does not significantly affect
the Rg value, regardless of the diode architecture. Conversely,
it was immediately apparent that the -V curve of the PSi-
nanostructured diodes greatly differed from that of the refer-
ence diodes for reverse biasing; remarkably, the avalanche
breakdown occurred at a significant higher voltage (about 2x)
for PSi-nanostructured diodes compared to reference diodes,
regardless of the diode architecture. This was associated
with an increase of the leakage current below the breakdown
voltage Vpp that is compatible with an augmented number of
defects,™! due to the high internal surface area of the n-PSi.l3¢!
Electrical parameters of both PSi-nanostructured and refer-
ence diodes were extrapolated from the [-V curves using data
analysis numerical procedures (Figure S8a,b, Supporting Infor-
mation). Figure 2d,e summarizes the two main merit param-
eters of the diodes for forward and reverse biasing, namely,
series resistance R (Figure 2d) and breakdown voltage Vpp
(Figure 2e), respectively. Additional electrical parameters of PSi-
nanostructured diodes, for all the etching conditions tested, are
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given in Figure S9 in the Supporting Information. The presence
of n-PSi surrounding the n* cathode of the diode systematically
increases the Vgp value by 1.5-2 times (e.g., up to 100%, from
about 30 to a maximum value of about 60 V, regardless of diode
typology and finger width); the smaller the n* finger width, the
higher the relative Vpp increase of PSi-nanostructured diodes
with respect to the reference diodes. This is compatible with the
increased curvature radius of the depletion region at the tip of
n* fingers with smaller width. Remarkably, the improvement of
the static performance of the diode for reverse biasing does not
come with a deterioration of the diode performance in forward
operation. Indeed, no significant changes of the series resist-
ance Rg of the diode in forward operation occurs due to the
presence of n-PSi (maximum variation between PSi-nanostruc-
tured and reference diodes about 6%). Other diode parameters,
namely, Iy, 77, and V,, this latter being the threshold voltage of
the diode for forward biasing, were consistent between PSi-
nanostructured and reference diodes, regardless of the diode
architecture and typology (Figure S9, Supporting Information).

In order to gain insight into the effect of n-PSi on the
increase of the diode breakdown voltage, we carried out an
emission microscope (EMMI) analysis! to find out where
avalanche breakdown phenomena occurred in the PSi-
nanostructured and reference diodes. The results of the EMMI
analysis are shown in Figure 2gh, and Figures S10 and S11 in
the Supporting Information. Besides confirming the increase
on the breakdown voltage of PSi-nanostructured diodes with
respect to the reference diodes, Figure 2g and Figure S10 in the
Supporting Information show that for all the reference diodes,
regardless of the typology, the breakdown always occurred at
the tip of the n* fingers. This is consistent with the literature on
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solid-state silicon diodes, for which the avalanche breakdown
occurs in correspondence of the spherical junctions, namely,
at the tip of the n* fingers in this work, where the charge car-
riers undergo a higher acceleration due to an increased elec-
tric field, compared to cylindrical and planar junctions.3® This
drawback has been usually tackled in standard microelectronic
processes changing the curvature of the depletion region in
correspondence of spherical p-n junctions using top-down
approaches, such as floating field rings or field plates biased
at a proper voltage value.®¥ Bottom-up integration of periph-
eral n-PSi effectively tackles the occurrence of avalanche break-
down at the tip of n* fingers. This is apparent in Figure 2h and
Figure S10 in the Supporting Information, which show that in
the PSi-nanostructured diodes the avalanche breakdown does
not occur at the tip of n* fingers, differently from reference
diodes; the EMMI analysis clearly points out that in the pres-
ence of n-PSi, regardless of the diode typology, the avalanche
breakdown occurred at the corners (i.e., spherical junctions)
of a parasitic n-well/p diode operating in parallel to our target
diode. This is consistent with the smaller value/slope of the
breakdown current of PSi-nanostructured diodes with respect
to the reference diodes (Figure 2b,c; Figures S5-S7, Supporting
Information), due to the lower doping of the n-type region
of the parasitic diode.”] Notice that the different breakdown
regions of PSi-nanostructured diodes shown in Figure 2h and
Figure S10 in the Supporting Information are consistent with
the different geometries of the n-well region in type A and type
B diodes (Figure S1, Supporting Information). Remarkably, the
breakdown voltage values achieved with the EMMI analysis are
in excellent agreement with those obtained from -V meas-
urements (Figure S11, Supporting Information). Experimental
data suggest that by carefully designing the diode structure to
avoid parasitic junctions, the breakdown voltage can be fur-
ther increased through the use of peripheral n-PSi beyond the
values found in this work.

Improvement of the breakdown voltage performance of
diodes with peripheral n-PSi was very robust in respect to vari-
ations of the n-PSi preparation parameters. For instance, vari-
ations of both etching current density and etching time of a
factor 2, namely, from 35 to 70 mA cm and from 15 to 30 s did
not produce significant changes in the breakdown voltage and
series resistance values. Figure 2f summarizes the breakdown
voltage Vpp and series resistance Rg values of a type A diode
with w =1 um for different etching conditions (values for other
diodes are given in Figure S12 in the Supporting Information);
only minor changes in Vpp (up to 0.38%) and Rg (up to 6%)
were observed for the different etching conditions tested in this
work.

We argue that the increase of the breakdown voltage of PSi-
nanostructured diodes, with respect to reference diodes, can be
explained in terms of a significant reduction of the mobility u
of charge carriers traveling in the critical regions (i.e., spherical
junctions) of the diode in the presence of n-PSi. Electron and
hole mobility in n-PSi was reported to be about 10° and 10*
times smaller than that in crystalline silicon, respectively.?>#]
Thus, the integration of n-PSi in the critical regions of a solid-
state diode significantly reduces the drift velocity v of charge
carriers (namely, v = uE), once the electric field E is given.
Accordingly, the value of the critical electric field E. at which
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the charge carriers gain the critical velocity value v, required
to promote avalanche breakdown increases of a factor 10* to
10 in the regions of the diode where n-PSi is integrated, with
respect to that of a crystalline silicon n*—p junction. Further,
the presence of a huge number of interfacial states on the sur-
face of electrochemically etched silicon nanocrystallites fully
depletes the n-PSi skeleton of free carriers.®! Thus, the deple-
tion region in correspondence of spherical junctions of the PSi-
nanostructured diodes is spatially modulated by the n-PSi layer,
which reduces the space-charge curvature radius and, in turn,
the magnitude of the electric field built-up across the critical
regions of the diode; as the electric field reduces, the break-
down voltage increases.

Besides static performance, n-PSi also improved the
dynamic electrical performance of silicon diodes. Dynamic per-
formances were investigated measuring reverse and forward
recovery times, namely, t, and #g, of both PSi-nanostructured
and reference diodes upon application of a square-wave signal
switching between Vy =-2.5V and Vi =+2.5 V.*’] Figure 3a,b,e
shows time-resolved turn-off and turn-on transients of Type B
PSi-nanostructured and reference diodes with w = 1 um and
w =10 um, prepared at 35 mA cm? for 15 s. Turn-off transient
curves of type A diodes are given in Figure S13a,b in the Sup-
porting Information. In forward biasing (on-state), the diode
current is i = ,;/F(;:/Ry, where R, is an external resistor connected
between the voltage supply and the diode and R; is the intrinsic
series resistance of the diode. Once the voltage supply switches
from forward Vi to reverse Vy biasing, the diode current
switches to a negative value i, =4+ for a time interval
known as storage time, before reducing to zero.*! Inversion
of the diode current at the turn-off trigger can be explained
in terms of excess of minority carriers (i.e., electrons in the
p-type side, in our case) transiting through the diode cross-
section area in forward operation and stored within the diode
for t, after the driving voltage is switched. After ,, the excess
of minority carriers recombines and the diode current reduces
eventually to zero (ip = i, /7, where 7~(Ry + Ry)Cy and Cy is
the diode differential capacitance) within a time known as the
transition time t,.

Time-resolved data show that the reverse recovery time,
namely, ¢, = t; + t, of PSi-nanostructured diodes reduces by
a factor 1/3 (about, 30%) (Figure S13c, Supporting Informa-
tion) with respect to that of the reference diodes (from 200 to
140 s), regardless of diode typology and architecture. Figure 3c
summarizes the ., values of PSi-nanostructured and reference
diodes, which neatly demonstrate the beneficial effect of n-PSi
in speeding-up the turn-off time of solid-state diodes. An anal-
ysis aimed at understanding how the storage t; and transition
t, times contribute to the t,, value of PSi-nanostructured diodes
(Figure 3d) pointed out that the decrease of t; accounts for
about 70-80% of the total t,, reduction (Figure S13d, Supporting
Information).

Notice that the forward recovery time tg; (about 18 ns) is not
improved by the presence of n-PSi (Figure 3e), at least within
the accuracy of experimental measurements carried out in
this work. Figure 3f summarizes the t; experimental values
extracted for PSi-nanostructured and reference diodes.

The faster turn-off switching of PSi-nanostructured diodes,
with respect to the reference counterparts, can be explained in
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Figure 3. Dynamic electrical characterization of PSi-nanostructured diodes and 2D TCAD simulations: a,b) Turn-off current transient of PSi-
nanostructured (red) and reference (black) diodes of type B, with a) w =1 um and b) w =10 um. Blue trace represents the driving voltage. c) Experi-
mental reverse recovery time values of PSi-nanostructured and reference diodes. Data are reported as average value measured over 3 devices, with error
bars representing the standard deviation. d) Reverse recovery time composition for PSi-nanostructured and reference diodes in terms of storage and
transition times. Data are reported as average value measured over 3 devices, with error bars representing the standard deviation. e) Turn-on current
transient of PSi-nanostructured (red) and reference (black) diodes of type B, with w =1 um. Blue trace represents the driving voltage. f) Experimental
forward recovery time values of PSi-nanostructured and reference diodes. Data are reported as average value measured over 3 devices, with error
bars representing the standard deviation. All data refer to PSi-nanostructured diodes fabricated at 35 mA cm=2 for 15 s. g, h) 2D TCAD g) static and
h) dynamic electrical simulations of PSi-nanostructured and reference diodes, achieved by reducing carrier mobility and lifetime in the n-PSi material.

terms of a reduced lifetime 7, of minority charge carriers (i.e.,
electrons) in the presence of n-PSi. According to the theory,
t. =17, ln(1+i—i) for a n*—p diode,®! from which we can deduce
that 7, in PSi-nanostructured diodes is reduced by about 35%
with respect to that of the reference diodes, given that if and i,
values are not affected by the presence of n-PSi (Figure S13e,f,
Supporting Information). This is in agreement with recent
findings on carrier recombination dynamics in p-type n-PSi,
according to which the recombination in n-PSi is governed by
Shockley—Read-Hall and Auger processes (diffusion has an
insignificant contribution), with time constants enhanced up
to three orders of magnitude with respect to bulk silicon.?3!
Thanks to such fast recombination processes, an n-PSi layer
integrated at the periphery of an n*-p diode acts as an effec-
tive sink for the recombination of charge carriers stored in the
diode; this provides an additional, more effective recombination
path with respect to those available in the reference diode, able
to strongly reduce the turn-off time. Notice that, more complex
and expensive approaches have been commonly used to reduce
carrier lifetime and speed up, in turn, switching time of micro-
electronic devices so far, including metal doping and electron
irradiation.l® However, both these approaches do not have any
positive effect on the breakdown voltage of the diode.

2D simulations of both PSi-nanostructured and reference
diodes were carried out using technology computer-assisted
design (TCAD) software to validate the experimental results.
Technology steps (dopant implantation, thermal annealing,
and metal contacts) of the diode fabrication were simulated to
reproduce one finger of a type A n*—p diode in terms of doping
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profiles and concentrations; the diode was then subjected
to both static (current-voltage curve) and dynamic (turn-off
transient) electrical simulations, to mimic the experimental
characterization. In order to take the effect of nanostruc-
tured PSi integrated on the periphery of the n* fingers of the
diode into account, a new silicon-based material was intro-
duced in the simulation CAD with critical electric field and
Auger recombination rate values higher than that of ¢-Si and
consistent with those reported for n-PSi in the literature.l3>33l
Position and extension (i.e., length and thickness) of the n-PSi
material in the 2D simulation mimicked that of the real diode
along the longitudinal edge of the n* finger. The cross-section
of the PSi-nanostructured diode resulting from process simula-
tion is shown in Figure S14a in the Supporting Information.
Figure 3gh and Figure S14b—f in the Supporting Information
show the outcome of static and dynamic electrical simulations
for both PSi-nanostructured and reference diodes. Remarkably,
the increase of the breakdown voltage (Figure 3g; Figure S14b,c,
Supporting Information) and the reduction of the reverse
recovery time (Figure 3h; Figure S14d—f, Supporting Informa-
tion) in the PSi-nanostructured diodes were nicely reproduced
in the simulations by increasing the critical electric field and
decreasing the carrier recombination time, respectively. These
results corroborate the hypothesis that a lower mobility and
reduced recombination time in the n-PSi layer accounts for the
improvement of the static and dynamic performance of PSi-
nanostructured diodes, respectively. Notice that, a more sophis-
ticated modeling is required to take into account secondary
effects (e.g., change of the diode leakage current) of n-PSi on
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the static and dynamic performance of PSi-nanostructured
diodes.

Concluding, in this work we have demonstrated that lev-
eraging the peculiar electrical properties of charge carriers
when traveling in nanostructured porous silicon, namely, an
extremely reduced mobility and lifetime, it is feasible to simul-
taneously improve the turn-off switching speed and the break-
down operation voltage of solid-state diodes integrated nearby.
This is a key feature of the proposed n-PSi technology, as two
diverse technologies are usually required to separately adjust
these parameters with other approaches.

Specifically, peripheral integration of n-PSi in n*-p diodes
fabricated by an industrial process was shown to reliably
increase the breakdown voltage by a factor >2x, beyond
60 V, and to reduce the switching time by 30%, with respect
to reference diodes without n-PSi; no significant degradation of
the other diode parameters was observed. The effect of n-PSi
was thoroughly assessed for different preparation conditions
and diode architectures, demonstrating that the proposed
approach was reliable and robust.

The use of n-PSi in microelectronics as a quasi-ideal
mobility/lifetime sink for charge carriers opens up new oppor-
tunities for the design of advanced solid-state electrical com-
ponents, such as signal and power transistors with improved
performance and/or additional functionality. It also brings a
number of advantages, with respect to traditional approaches
used for carrier mobility and lifetime adjustment, including a
smaller cost for material preparation and process integration,
n-PSi being prepared at room temperature by electrochem-
ical transformation of c¢-Si; and, a higher integration density
and scaling-down potential, thanks to the smaller integration
pitch achievable for n-PSi fabrication when carried out as an
intermediate process step, for instance, after n* implants and
annealing.

Experimental Section

Materials and Chemicals: 375 pwm multichip silicon wafers were
provided by STMicroelectronics (Milan, Italy). Acetone (ACE 99 wt%),
ethanol (EtOH 99.98 wt%), and diethyl ether (EtO 99.7 wt%) were
purchased from Carlo Erba Reagents. HF (48 wt%) was purchased from
Sigma-Aldrich.

Fabrication of n*—p Diodes: Fabrication of two types of n*—p diodes,
namely, type A and type B, was carried out by STMicroelectronics (Milan,
Italy) using a commercial Bipolar-CMOS-DMOS (BCD-6) process. A
schematic layout (not to scale) of both the diodes is given in Figure S1
in the Supporting Information. Starting material was a p-type silicon
substrate with doping 10" cm=. A rectangular n-well region with doping
of 10" cm™ and thickness of 0.48 um with two different extensions,
namely, smaller for type A and larger for type B diodes, was implanted in
selected areas of the substrate. For type B diodes, a rectangular p-body
region with thickness of 1.4 um and doping of 107 cm~3 totally enclosed
within the n-well region was implanted. Cathode and anode of diodes
were achieved through n* (doping 102" cm™, thickness 0.23 pum) and
p* (doping 102" cm=3, thickness 0.28 um) regions implanted in selected
areas of n-well region and substrate, respectively. Regardless of the
typology, the diodes were designed to have a comb-type structure with
a number of n* fingers variable from 1 to 10, featuring different widths
of 1, 2, 5, and 10 um, same length of 80 um, and constant finger-to-
finger space of 10 um. The diodes were fully coated with a silicon
dioxide passivation layer (thickness 5 um), and anode and cathode of
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the diodes were made accessible for measurements through metal pads
80 um x 80 pm in size. For some diodes, those designed to be modified
by the integration of n-PSi, the passivation layer was fully etched within
a selected region of the n* fingers. Unmodified diodes, i.e., without
passivation opening, were used as reference diodes. The diodes were
all coated with a photoresist layer (thickness 5 pm), which served as
masking material during the next electrochemical etching used for the
production of n-PSi, apart from those areas where the passivation layer
was etched and n-PSi was supposed to be formed.

Peripheral Integration of n-PSi in n*—p Diodes: Dies with size
12 mm x 18 mm were cut from a 375 um thick multichip silicon wafer.
Preparation of n-PSi in the predefined areas of the dies was carried out
by electrochemical etching (under ambient light illumination) using
20 mL of a HF:EtOH (1:1 by vol) solution in a two-electrodes Teflon
cell. The cell was provided with a planar platinum cathode immersed in
the solution and a flat aluminum anode connected to the backside of
the silicon die (in contact with the solution through its front-surface);
a Keithley 2602A source measurement unit connected to the two
electrodes was used to drive the cell through application of a constant
etching current for a prescribed time (during which the etching voltage
was measured). Different etching current density (Jo) and time (feicp)
pairs were used, namely, 35 mA cm™2 and 15 s; 35 mA cm™ and 30 s;
70 mA cm? and 15 s. The dies were then rinsed with acetone (15 min)
and ethanol (5 min) to fully remove photoresist, and eventually dipped
in dietyl ether (2 min) to obtain a crack-free n-PSi layer after drying in
nitrogen flow. Eventually, the dies were packaged in standard 68-pin
sockets.

Morphological ~ Characterization — of  PSi-Nanostructured — Diodes:
As-fabricated and PSi-nanostructured diodes were characterized
before and after electrochemical etching by optical microscopy (LEICA
DM2500M with LEICA DFC295 digital camera) to investigate selective
n-PSi formation within the designed area and double-check integrity of
metal pads.

Cross-section analysis of PSi-nanostructured diodes was carried out
through scanning electron microscopy. The sample was loaded into a
FIB-SEM (ZEISS XB 1540 FIB-X-BEAM) to directly etch a box in the point
of interest of the die with a focused ion beam, and then moved into a
high resolution SEM (ZEISS ULTRA PLUS SEM) to perform analysis of
the cross-section.

Static Electrical Characterization of PSi-Nanostructured Diodes: Static
characterization of both PSi-nanostructured and reference diodes was
carried out measuring current-voltage (/I-V) curves in the range —70
to 3 V and =50 to 3 V, respectively, using a Source Meter Unit (2400
SourceMeter, Keithley).

Dynamic Electrical Characterization of PSi-Nanostructured Diodes:
Dynamic characterization of both PSi-nanostructured and reference
diodes was carried out measuring turn-on and turn-off current
transients using a square-wave signal switching between V; = 2.5 V
and Vi = +2.5 V, with frequency of 1 kHz (Keysight InfiniVision DSO-X
2012A). An external series resistor R of 551 Q was added in series
to the diode and the voltage drop Vi, across Re; was acquired using
a digital oscilloscope (Keysight InfiniVision DSO-X 2012A, Agilent
N2826B 10:1 passive probe, Keisight N2826B 10:1 passive probe). The
diode current was then obtained as ip = Vigey/Rex-[*) Reverse recovery
time (t,) and forward recovery time (t;) of diodes were measured
from experimental turn-off and turn-on current transients, respectively.
Specifically, t,, was estimated as the time interval between current zero-
cross time instant and time instant at which the diode current achieved
10% of its minimum value (i,); t; was estimated as the time interval
between 90% and 10% of the diode current (iy).

EMMI Analysis: EMMI analysis of both PSi-nanostructured and
reference diodes was carried out using an emission microscope
(Hamamatsu iPhemos, equipped with a highly sensitive InGaAs CCD
camera in the wavelength range 900-1600 nm) to measure photon
emission from the breakdown area due to excessive heat generated
at the breakdown site. Before measurement, the die was lapped down
to a thickness of 280 um, and then the diodes were reverse biased at
different voltage values until breakdown was observed.
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Best-Fitting of Experimental Data: Diode parameters, namely, intrinsic
series resistor (Rs), ideality factor (1), and reverse saturation current
(lo), were achieved through best-fitting of the experimental I-V curve
using the diode theoretical equationt

vp = Rs iD+nVTIn('I—[;+'I) )

Diode threshold voltage (V,) was achieved as the zero-cross point of
the diode current in forward biasing (at vp > V,) estimated through best-
fitting of the -V curve using a piecewise linear approximation

. _vp—V
o =" @

Breakdown voltage (Vpp) of the diode was achieved as the zero-cross
point of the diode current in reverse biasing (at vp < Vgp) estimated
through best-fitting of the I-V curve using a piecewise linear approximation

i = o= Voo ‘ZVBD +1o 3)

where R, is the diode resistance in the breakdown region.

Storage time (ts) was estimated through best-fitting of the experimental
turn-off current transient during the transition time (at t > t,) according to
the following theoretical equation*’!

l.D:VRext:Ire T (4)
ext

where [, is the experimental mean value of the reverse recovery current
of the diode during the storage time and 7~(R., + Rs)Cy, with Cy, being
the diode differential capacitance.

TCAD Simulations: 2D electrical simulations were performed
using Synopsys Sentaurus TCAD software. Technology steps (silicon
implantation and thermal annealing) of the diode fabrication were
simulated to reproduce the longitudinal cross-section of a single
finger of type A n*—p diode architecture in terms of doping profiles
and concentrations; then, both static (current-voltage curve at reverse
biasing) and dynamic (turn-off current transient) electrical simulations
were carried out to mimic experimental characterization.

In order to take n-PSi integrated on the periphery of n*—p diode into
account, a new material, namely, n-PSi, was introduced in the TCAD
software featuring different electric characteristic than standard silicon
in terms of impact ionization factor (to evaluate the increment of the
breakdown voltage) and Auger recombination coefficient (to evaluate
the reduction of the turn-off time).

In particular, avalanche breakdown in n-PSi material was tuned using
impact ionization factor (a, for electrons and ¢, for holes) occurring in
the electron-hole generation rate (Giyp) expression

Gimp = 0n NVgrifin + OlpPVdrifip (5)

where n and vy, , are electron concentration and drift velocity, and p and
Varifep are hole concentration and drift velocity, respectively. Sentaurus
implements the Overstraeten—-de Man model for the ionization
coefficients, based on the Chynoweth law

b
Yae E seE<Ej,

b, (©)

yare E seE>Eq

Simulations were carried out with the following values for the n-PSi
material:? @y, ps; = a5, binpsi = binsi Xk %si = ¥, Eopsi = Eosi, and
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k =112, 1.3, 1.4, 2, 102, 10% 108, where k takes increment of the critical
electric field into account with respect to c-Si.

Charge carrier lifetime in n-PSi material was tuned by changing band-
to-band Auger recombination rate (RAYG)P

RAZS = (Con+Cop) (mp—nieg ) @)

T T -
Chp = [An,p +Bnp (T—OJ +Cop (T—Oj J T+H,pe MoPo (8)

Specifically, the simulation was carried out using the following values
for the n-PSi material: A, psi = Anpsi X 2, Bappsi = Bnpsi Capesi =
Copsi Huppsi = Hnpsi, and z = 107,103 10%, 107, 108, 10", where z takes
increment of the Auger recombination rate into account with respect
to ¢-Si.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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