

View

Online


Export
Citation

CrossMark

RESEARCH ARTICLE |  JANUARY 05 2024

Validation of minority carrier recombination lifetimes in low-
dimensional semiconductors found by analytical
photoresponses 
Kai Li  ; Yinchu Shen  ; Zhijuan Su   ; Yaping Dan  

J. Appl. Phys. 135, 014301 (2024)
https://doi.org/10.1063/5.0181306

 05 January 2024 12:20:00

https://pubs.aip.org/aip/jap/article/135/1/014301/2932663/Validation-of-minority-carrier-recombination
https://pubs.aip.org/aip/jap/article/135/1/014301/2932663/Validation-of-minority-carrier-recombination?pdfCoverIconEvent=cite
https://pubs.aip.org/aip/jap/article/135/1/014301/2932663/Validation-of-minority-carrier-recombination?pdfCoverIconEvent=crossmark
javascript:;
https://orcid.org/0000-0001-7609-5454
javascript:;
https://orcid.org/0000-0002-6743-4415
javascript:;
https://orcid.org/0009-0007-7422-281X
javascript:;
https://orcid.org/0000-0002-2983-7213
javascript:;
https://doi.org/10.1063/5.0181306
https://servedbyadbutler.com/redirect.spark?MID=176720&plid=2071406&setID=592934&channelID=0&CID=757618&banID=521007044&PID=0&textadID=0&tc=1&scheduleID=1997062&adSize=1640x440&data_keys=%7B%22%22%3A%22%22%7D&matches=%5B%22inurl%3A%5C%2Fjap%22%5D&mt=1704457200377819&spr=1&referrer=http%3A%2F%2Fpubs.aip.org%2Faip%2Fjap%2Farticle-pdf%2Fdoi%2F10.1063%2F5.0181306%2F18288613%2F014301_1_5.0181306.pdf&hc=2526660a34a438bdf6fd34ed3cd8e30160c57162&location=


Validation of minority carrier recombination
lifetimes in low-dimensional semiconductors
found by analytical photoresponses

Cite as: J. Appl. Phys. 135, 014301 (2024); doi: 10.1063/5.0181306

View Online Export Citation CrossMark
Submitted: 16 October 2023 · Accepted: 10 December 2023 ·
Published Online: 5 January 2024

Kai Li,1 Yinchu Shen,1 Zhijuan Su,2,a) and Yaping Dan1,a)

AFFILIATIONS

1University of Michigan—Shanghai Jiao Tong University Joint Institute, Shanghai Jiao Tong University, Shanghai 200240, China
2Global Institute of Future Technology, Shanghai Jiao Tong University, Shanghai 200240, China

a)Authors to whom correspondence should be addressed: zhijuan.su@sjtu.edu.cn and yaping.dan@sjtu.edu.cn

ABSTRACT

It is a formidable challenge to find the minority carrier recombination lifetime in low-dimensional devices as low-dimensionality increases
the surface recombination rate and often reduces the recombination lifetime to a scale of picoseconds. In this work, we demonstrated a
simple but powerful method to quantitatively probe the minority carrier recombination lifetime in silicon nanowires or microwires by
fitting the experimental photoresponses with our recently established analytical photoresponse principle of photoconductors. The nanowires
were passivated with small molecules and Al2O3 to suppress surface recombination, which will increase the minority recombination life-
times. As expected, the minority carrier recombination lifetime found by this approach increases by orders of magnitude. These wires were
also made into PIN diodes, the leakage of which was reduced at least 1 order of magnitude after surface passivation by Al2O3. The minority
recombination lifetime found from the leakage current of these devices is largely consistent with what we found from our analytical photo-
response principle. As a further step, we performed scanning photocurrent microscopy to find the minority diffusion length from which we
found that the minority recombination lifetime is close to what we found from the analytical photoresponses. In short, this work validated
that our analytical response principle is a reliable method to find the minority recombination lifetime in low-dimensional semiconductors.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0181306

INTRODUCTION

The down-scaling of semiconductor devices provides unlim-
ited possibilities for emerging technologies such as flexible electron-
ics and artificial skins in addition to the classical complementary
metal–oxide–semiconductor (CMOS) technologies.1–9 Designing
these low-dimensional devices requires accurate measurements of
the device parameters, which becomes increasingly difficult as the
devices become small.10–14 For example, Hall measurements are
often employed to measure the doping concentration and charge
carrier mobility. However, as the devices scale down, the separation
between Hall electrodes becomes small, resulting in a negligibly
low Hall voltage. It, thus, becomes less reliable, if not impossible, to
find carrier mobility and concentration.15–17 In recent years, we
established an explicit photoresponses theory for low-dimensional
photoconductors.18 Previously, we showed that the carrier

concentration and mobility in nanowire devices can be reliably
found by simply fitting photoresponses with our theory.19

The minority carrier recombination lifetime is also an impor-
tant parameter for semiconductors but quite challenging to cali-
brate due to the fact that the recombination lifetime becomes
extremely small (often picoseconds) for nanoscale semiconductors
unless an advanced apparatus is used. For example, near-field scan-
ning photocurrent microscopy was often used to probe the minor-
ity recombination in silicon and GaAs nanowires,20,21 which is
often quite challenging since expensive near-field optical micros-
copy and complicated device structures (p–n junctions or Ohmic/
Schottky junctions) are often required. In this work, we demon-
strated that the minority carrier recombination lifetime in silicon
nanowires or microwires can be readily found by fitting the experi-
mental photoresponses with our theory. The lifetime significantly
increases after the wires are passivated by grafting with small
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molecules or depositing with Al2O3 by atomic layer deposition. We
made these nanowires into PIN diodes. The leakage current of the
devices is reduced by at least 1 order of magnitude after being pas-
sivated with Al2O3. The minority recombination lifetime can be
found from the leakage current of these devices. We also performed
near-field scanning photocurrent microscopy to probe the minority
recombination lifetimes. The results are consistent with what we
found from our analytical photoresponses theory.

RESULTS AND DISCUSSION

The silicon nanowires with five pads were made by patterning
the device layer (220 nm thick) of a p-type silicon-on-insulator
(SOI) wafer that was heavily doped with boron at a concentration
of ∼1018 cm−3 by ion implantation with electron beam lithography
followed by reactive ion etch. Photolithography and thermal evapo-
ration were applied to form metal electrodes in contact with the
five large Si pads. The overall length of the nanowires is about
27 μm with a width ranging from 50 to 900 nm. A false color scan-
ning electron microscopic (SEM) image of a silicon nanowire
device in contact with five pads is shown in Fig. 1(a). Figure 1(b)
shows that the current is linear with the bias voltage for both
four-probe (black) and two-probe (red) measurements, which are
almost identical. Clearly, the contact between the metal electrodes

and the semiconductor is Ohmic, and the contact resistances are
negligible. The silicon nanowires were illuminated by a commercial
LED lamp with the wavelength ranging from 520 to 525 nm. The
light intensity was calibrated using a commercial diode. Figure 1(c)
exhibits the conductance at a fixed bias as a function of nanowire
physical width in darkness (black squares) and under light illumi-
nation (red dots). The conductance in darkness is linearly corre-
lated with the nanowire width. This correlation, however, becomes
nonlinear when the nanowire width is less than 83.4 ± 4.1 nm,
which is extracted from the extension of the linear correlation
[Fig. 1(c)]. The explanation of this nonlinearity is that the nanowire
channel is pinched off by surface depletion regions, as shown in
the schematic of Fig. 1(d). The depletion region width is
∼41.7 ± 2.05 nm, half of the pinched-off nanowire width. Under
light illumination, photogenerated electron−hole pairs will be phys-
ically separated by the built-in electric field in the surface depletion
region, creating a forward photovoltage across the depletion
regions. The forward photovoltage will consequently narrow down
the depletion region width and widen the nanowire channel, con-
sistent with our experimental observations in which the linear
dependence of the nanowire current on the wire width is left-
shifted to 34.9 ± 1.35 nm under light illumination.

Nanowires suffer from a high surface recombination rate due
to the large surface-to-volume ratio. The surface passivation of

FIG. 1. (a) False color SEM image of a typical nanowire (400 nm wide); (b) I–V curves of silicon nanowires with a width of 900 nm measured by two-probe and four-probe;
(c) conductance at a fixed bias of silicon nanowires with varied width in darkness and under light illumination (bias voltage is 1 V, light intensity is 2.7 mW/cm2, wavelength
λ is 520–525 nm). (d) Energy band diagram in the nanowire cross section.
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planar optoelectronics is a technology that was developed over the
course of decades. Nanowire surface passivation, however, is an
even more challenging task due to their small size and the fact that
multiple facets with different crystalline orientations are exposed.
In this work, two methods were used to passivate the surface of
silicon nanowires: one is surface chemical passivation, and the
other is field effect passivation. Wet chemical surface passivation is
a convenient and low-cost method, compared to other approaches
that require high vacuum and high temperature. The covalent bond
allows the alkyl group to graft with the silicon surface to exhibit
beneficial properties, including oxidation resistance and a relatively
low surface conformation rate.22 Methyl passivation was used in
this work, since it can almost completely saturate the dangling
bonds on the Si (111) surface through the Si–C bond, resulting in
an excellent surface order and stability. XPS characterizations were
performed on the chlorine terminal sample obtained after methyl
passivation. Figure 2(a) shows the binding energy information of
Cl 2p of the sample. It can be seen from the figure that there are
two strong peaks at 198 and 200 eV that are assigned to the Cl
element. This shows that the first step of the reaction was successful
to convert Si–H on the silicon surface into Si–Cl. Figure 2(b) shows
the XPS spectra of C 1s after the second step reaction. A character-
istic peak of Si–C appears at 283.6 eV, which shows that the second
step of the alkylation reaction also successfully converted Si–Cl to
Si–CH3.

For field effect passivation, we chose Al2O3 as the passivation
material. Al2O3 films are most widely used for p-type Si passiv-
ation. Due to the ultra-thin SiOx and negatively charged interstitial
O ions existing in the Al2O3/Si interface, the interface of the Al2O3

film has advantages of low interface trap density and high negative
charge density. However, it also results in the fact that Al2O3 can
only passivate p-type silicon well. In addition, the growth of Al2O3

by atomic layer deposition technique limits its large-scale applica-
tion in the industry due to the relatively low deposition rate.23

However, increasing the rate by high rate spatial atomic layer depo-
sition would make the process both expensive and complex.24

However, even so, the growth of passivated materials (Al2O3) by
atomic layer deposition (ALD) continues to be favored by the

industry. The passivation performance of the Al2O3/Si structure
can be improved by optimizing the thickness of Al2O3 and anneal-
ing temperature. In this work, the ALD hydrothermal method was
adopted to grow a 10 nm thick Al2O3 layer after a 200 nm thick Al
layer was made to contact the nanowire as electrodes and activated
at 425 °C for 15 min. In the two-probe and four-probe measure-
ments, the probes can pierce the Al2O3 insulating layer to make
direct contact with the aluminum electrode, thus achieving ohmic
contact during the measurement.

The silicon nanowires were tested by the four-probe method,
and the dark current vs voltage for the original wire with a width
of 400 nm was obtained. As shown in Fig. 3, there is a good linear

FIG. 2. XPS spectrum of (a) Si–Cl and (b) Si–CH3.

FIG. 3. Silicon nanowire current changes with nanowire width under dark field
(black: unpassivated nanowires; red: nanowires passivated with methyl; yellow:
nanowires passivated with Al2O3). Inset: I–V curves of Si wires (400 nm).
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relationship between the dark current and voltage. The I–V curves
of the nanowires passivated with methyl and Al2O3 are also shown.
The linearity between the dark current and voltage is not affected
by the passivation process. The current under a fixed bias for wires
with and without passivation is shown in Fig. 3. It is seen that the
dark current is directly proportional to the width of the nanowire.
The intersection of the fitting line with x axis is twice the width of
the depletion region, which is caused by surface states and fixed
charges. The width of the depletion region of the unpassivated
nanowires is ∼30.65 ± 24.05 nm, which was reduced to ∼13.2 ± 12.7
and ∼1.8 ± 6.8 nm after the nanowires were passivated with methyl

and Al2O3, respectively, as shown in Fig. 3. Note that for these well-
passivated nanowires, there is a relatively large uncertainty in the
actual depletion region width. As a result, the extracted minority
recombination lifetimes found in Table I also have a relatively large
uncertainty. Ideally, a set of narrower nanowires should be fabri-
cated, which is subject to future work.

Under light illumination, which was switched ON and OFF
periodically, the wire current increases and decreases accordingly
[inset in Fig. 4(a)]. The photocurrent dependent on the light inten-
sity is plotted in Figs. 4(a)–4(c) for the unpassivated, methyl passiv-
ated, and Al2O3 passivated nanowires, respectively. This

TABLE I. Results of extraction and calculation of nanowires after fitting by Eq. (1).

Sample Width (nm)
ηkT
2qVbi0

Isph (nA) Ps
light (μW/cm2) α τ0 (ns) Vsrv (10

2 cm/s)

NWs 900 97.64 ± 12.38 583.44 ± 136.53 0.29 0.35 ± 0.07 245.31 ± 57.42
700 35.04 ± 1.51 313.67 ± 29.11 0.25 0.74 ± 0.06 109.16 ± 10.13
400 35.63 ± 2.55 371.77 ± 54.87 0.76 0.21 ± 0.03 332.14 ± 49.07

CH3–NWs 900 16.23 ± 0.39 16.76 ± 1.48 0.29 12.08 ± 0.98 7.05 ± 0.62
700 7.08 ± 0.10 10.30 ± 0.55 0.25 22.53 ± 1.14 3.58 ± 0.19
400 6.36 ± 0.47 35.73 ± 8.86 0.76 2.16 ± 0.43 31.92 ± 7.92

Al2O3–NWs 900 1.76 ± 0.03 9.31 ± 0.53 0.29 21.73 ± 1.17 3.91 ± 0.22
700 1.17 ± 0.02 6.60 ± 0.44 0.25 35.20 ± 2.20 2.30 ± 0.15
400 0.79 ± 0.02 4.47 ± 0.52 0.76 17.23 ± 1.80 3.99 ± 0.47

FIG. 4. Photocurrent of silicon wires dependent on the light intensity and corresponding fitting curves: (a) NWs; (b) CH3–NWs; (c) Al2O3–NWs; photogain of silicon wires:
(d) NWs, (e) CH3–NWs, and (f ) Al2O3–NWs.
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dependency is governed by the following equation as shown in our
previous work:18

I ph ¼ ηkT
2qVbi0

Isphln
Plight
Ps
light

þ 1

 !
, (1)

where Isph ¼ μppqEchWdep
dAch
dWdep

��� ��� is defined as the photocurrent

when the depletion region shrinks to zero by light illumination;
Ps
light ¼ �hωJsH

αWdepq
is defined as the critical light intensity, which creates

a photocurrent density across the junction equal to the junction
leakage current density; Js is the leakage current density of the

Schottky junction as Js ¼ qniWdep

2τ0
with q being the unit charge, ni

being the electron concentration in intrinsic silicon, and Wdep

being the depletion region width; Vbio is the surface potential in the
dark; η is the ideality factor; kT is the thermal energy; Ech is
the electric field intensity in the nanowire; Wdep is the width of the
depletion region; dAch is the change in the cross-sectional area of
the nanowire channel; dWdep is the change in the width of the
depletion region; H is the physical height of the nanowire; and α is
the light absorption ratio.

Equation (1) can well fit the experimental data in Figs. 4(a)–4(c).
From the fittings, we extract ηkT

2qVbi0
Isph and Ps

light in Table I. From

Ps
light , we can further find Js after the light absorption coefficient α

is calculated by the finite difference time domain (FDTD) method.
The effective minority recombination lifetime τ0 can be found from

the correlation with Js as Js ¼ qniWdep

2τ0
, which is in the sub-

nanosecond range for unpassivated nanowires (see Table I) but
increases to tens of nanoseconds, largely consistent with literature
reports.20 For low-dimensional devices, the effective minority
carrier recombination lifetime τ0 is closely related to the surface
recombination rate, which is given in the following equation in the
case of nanowires with rectangular cross section:19

1
τ0

¼ 1
τb

þ 2Vsrv

W
þ 2Vsrv

H
, (2)

in which τb is the minority recombination lifetime in the bulk
semiconductor, which is at a scale of microseconds at a doping
concentration of 1018 cm−3, W is the nanowire width, and H is the
nanowire thickness. The surface recombination velocity of the
etched nanowires is on the same order of magnitude with the
chemically synthesized ones. Al2O3, indeed, offers the best passiv-
ation effect by reducing the surface recombination velocity by 2
orders of magnitude. Note that the 700 nm-wide nanowire has a
consistently higher minority recombination lifetime than the
900 nm-wide nanowire, which is probably because the
700 nm-wide nanowire happens to have a higher surface quality.

Photogain dependence on the light intensity can be further
obtained from Eq. (1) according to the definition of external
quantum efficiency,

G ¼ I ph/q

IlightAproj/�hω
¼ Gmax

Ps
light

Plight
ln

Plight
Ps
light

þ 1

 !
, (3)

where Gmax is shown in the following equation:

Gmax ¼
n1�hωkTIsph

2q2Vbi0AprojIslight
¼

2αεsnkT
dAch

dWdep

����
����

q2niWdepAc

τ0
τt
, (4)

where Ac is the cross-sectional area of nanowires; and τt is the
transit time of the majority carrier across the photoconductor,
τt ¼ L

μpEch
, where L is the nanowire length, μp is the majority

carrier mobility, and Ech is the electric field intensity along the
channel.

The photogain is proportional to the photocurrent divided by
the light intensity. It reaches its maximum as the light intensity
approaches zero. A nearly zero light intensity is difficult to accu-
rately calibrate. As a result, the dominant large photogain has a rel-
atively large uncertainty. For this reason, we extracted the device
physical parameters by fitting the photocurrent equation (1) to the
experimental data in Figs. 4(a)–4(c). In the past, it was often
believed that high photogain of low-dimensional photoconductors
comes from the trapping effect of surface states. A higher density
of surface states will lead to more photosensitive photoconductors.
A first sight of Figs. 4(a)–4(c) seems consistent with this conclu-
sion; i.e., the nanowire is more photosensitive if poorly passivated.
However, a closer look at the photogain in Figs. 4(d)–4(f ) shows a
more complicated picture. This is because the photoresponse is
determined by the interplay of the surface depletion region width
and surface recombination velocity. For unpassivated devices, a
high concentration of surface states results in a wider surface deple-
tion region and a larger surface recombination velocity.
Accordingly, ηkT

2qVbi0
Isph and Ps

light in Eq. (1) are both larger as well,

which, however, has a competing effect in the photocurrent. As a
result, the moderately passivated nanowires by methyl are more
photosensitive at low light intensity [Fig. 4(e)]. A strategy to decou-
ple the completing effect of the surface depletion region and
surface recombination velocity is to use core–shell nanowires, such
as core–shell PN junction nanowires25 or heterojunction nano-
wires,20 in which the depletion region and interface are away from
the surfaces.

To validate our conclusion drawn from the fittings above, we
fabricated a set of PIN junction silicon wires with the width from
200 to 900 nm to compare their leakage current before and after
Al2O3 passivation. It is well known that the leakage current density
Js of a reversely biased PIN junction is inversely proportional to its
effective minority recombination lifetime in the depletion region

following the aforementioned equation Js ¼ qniWdep

2τ0
. After passiv-

ation, the effective minority recombination lifetime will increase by
orders of magnitude, resulting in a significant drop in the leakage
current. Our silicon wires are 5 μm long with two large silicon
pads, fabricated by patterning a lightly doped SOI wafer. The large
silicon pads were highly doped with boron and phosphorus both at
1 × 1018 cm−3, as shown in the false color SEM image in the inset
in Fig. 5(a). The I–V curves of PIN diodes with an applied voltage
range between ±10 V were measured. Figure 5(a) shows the current
vs voltage (I–V) of PIN diodes without passivation. The leakage
current of the PIN diodes without passivation is around
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2.7 × 10−7–2.3 × 10−6 A at a reverse bias of −10 V. The reverse
leakage current of the PIN diodes with the Al2O3 passivation layer
is about 1.2 × 10−8–2.4 × 10−7 A. Statistically, the leakage current
after surface passivation is reduced by at least 1 order of magnitude,
consistent with the fact that surface passivation is, indeed, effective
in reducing surface recombination,

Js ¼
qniWdep

2
1
τb

þ 2Vsrv

W
þ 2Vsrv

H

� �
: (5)

We derived a new equation as Eq. (5) by combining the
expressions for Js and τ0 shown above, which describes the relation-
ship between the leakage current and the width of the nanowire.
The leakage current is inversely proportional to the width. With
the exception of the 700 and 800 nm-wide nanowires (in orange
dashed circle), Eq. (5) fits well with the experimental data in
Fig. 5(c). After surface passivation, the surface recombination

velocity Vsrv drops by 1–2 orders of magnitude, as a result of which
the leakage current density Js becomes nearly independent of the
nanowire width. This observation is consistent with the parameters
extracted in Table I.

We have to admit that the above work indirectly validates the
minority carrier lifetime found by our analytical photoresponses.
To directly measure the minority carrier recombination lifetime, we
employed near-field scanning photocurrent microscopy.20 This
method utilizes a near-field scanning optical microscope to scan
the nanowires. The presence of a nanoscale illumination point at
the probe tip enables the generation of excess carriers outside the
depletion region (i-region), which undergo rapid recombination
and diffuse in the absence of an electric field. The depletion region
collects a portion of these carriers that arrive at the border by diffu-
sion. The topography (i.e., AFM image) and photocurrent map
were simultaneously obtained, as shown in Fig. 6(a). The photocur-
rent decays exponentially as the illumination spot moves away from
the depletion region border along the nanowire axis [Fig. 6(b)].

FIG. 5. I–V curves of PIN structure nanowires (a) without an Al2O3 layer and (b) with an Al2O3 layer; (c) the relationship between the leakage current and the width of the
nanowire. Inset in panel (a) is the schematic structure of the p–i–n nanowire.

FIG. 6. (a) Topography (left) of the nanowire with a width of 200 nm obtained through atomic force microscopy; photocurrent map (right), recorded simultaneously with the
topographic image; (b) photocurrent profile along the nanowire axis [green dashed line of panel (a) and data were collected in the yellow dashed area near the p–i boun-
dary], and the applied voltage is 2 V.
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The diffusion length (Ldiff ) can be extracted from the exponential
relationship between the photocurrent and the position of the illu-
mination point. In the end, the minority carrier lifetime (τ) can be
calculated using the following equation:

Ldiff ¼ (Dτ)1/2, (6)

where D = 4.0 cm2/s with mobility μ = 155 ± 10 cm2/(V s).18

From Fig. 6(b), we find a diffusion length of 504.8 ± 41.6 nm
and a minority carrier lifetime of 0.64 ± 0.10 ns for a PIN junction
with a width of 200 nm. These values are consistent with the
minority carrier lifetime previously obtained for the unpassivated
nanowire shown in Table I.

Clearly, the experimental observation on the PIN diodes
further validates our analytical photoresponse principle for photo-
conductors in addition to the Hall measurement results in our pre-
vious publication.19

CONCLUSIONS

In this work, we have successfully increased the effective
minority recombination lifetime of nanowires nearly 2 orders of
magnitude by surface passivation with a 10 nm thick Al2O3 layer.
The effective minority recombination lifetime is extracted from our
previously established explicit photogain principle by fitting to
experimental photoresponses of nanowire photoconductors. PIN
junction silicon wires show a significant drop in the leakage
current after Al2O3 passivation. Statistically, the leakage current
after surface passivation is reduced by at least 1 order of magnitude
due to the effective passivation of Al2O3, largely consistent with the
parameters extracted from our analytical photoresponse principle.
It is, therefore, reliable to use our analytical photoresponse princi-
ple for photoconductors to extract the parameters of low-
dimensional devices that are often challenging to find.

EXPERIMENTAL METHODS

Si nanowire fabrication

The silicon-on-insulator (SOI) wafers with a 220 nm thick top
silicon layer were first cleaned with acetone, ethanol, and
de-ionized water. Boron ions were then implanted into the device
layer of the SOI wafer at an implantation energy of 30 keV and a
dose of 2.2 × 1013 cm−2. The peak doping is located at 110 nm with
a maximum doping concentration of ∼1 × 1018 cm−3. A rapid
thermal annealing (RTA) is performed at 1000 °C for 20 s to acti-
vate the implanted boron atoms. Afterward, the activated SOI
wafers were cut into squares (∼1 × 1 cm2). The cut pieces were
cleaned with piranha solution at 120 °C for 60 min to remove
organic contaminations.

The polymethyl methacrylate (PMMA) resist (XR-1541-006,
Dow Corning Electronics, USA) was spin-coated on the p-type SOI
samples at 4000 rpm for 60 s to form a 250 nm thick anti-reagent
layer and then bake at 180 °C for 90 s. The PMMA resist was
exposed by electron beam lithography (Vistec EPBG5200) and sub-
sequently developed in MIBK and IPA. Then, a 70 nm thick alumi-
num (Al) metal layer was evaporated on the silicon wafer, followed
by a liftoff process in acetone. In this way, the metal mask layer of

the nanowire was formed. To form an etch mask for the electrodes,
NR9-1500PY (Futurrex Inc., USA) photoresist was coated on the
wafers at 4000 rpm for 40 s. After baking at 140 °C for 60 s, the
NR9 resist was exposed to UV light (MDA-400) and developed in
the developer after post-baking at 100 °C for 60 s. A 200 nm thick
Al film was evaporated (Thermal Evaporator, Angstrom
Engineering), followed by a liftoff process. The Al nanowire and
electrode patterns defined by electron beam exposure and photoli-
thography were then transferred to the SOI device layer by reactive
ion etching (RIE, Sentech ICP Reactive Ion Etching System).
Photolithography and the thermal evaporation process were per-
formed in the same way again, with another 200 nm thick Al metal
layer grown on the electrode part, and then annealed in an argon
atmosphere at 230 °C for 20 min to make a good ohmic contact
between metal and silicon.

Passivation of nanowires with methyl

(1) Surface cleaning of nanowires: The nanowires were washed
sequentially with acetone, ethanol, and de-ionized water and then
soaked in Piranha solution [98% H2SO4:30% H2O2, 3:1 (v/v)], and
heated at 120 °C for 30 min to remove the aluminum electrode on
the surface. After heating, the nanowires were slowly cooled to
room temperature, and then diluted and washed with de-ionized
water. (2) Hydrogen termination of Si samples: The cleaned nano-
wires were soaked in HF aqueous solution (2.5 wt. %) for 30 s,
taken out and rinsed with de-ionized water, and then immediately
immersed in NH4F aqueous solution for 18 s. (3) Chlorination of
H–Si: The H–Si samples were placed into a saturated chloroben-
zene solution with PCl5 for chlorination, with a small amount of
benzoyl peroxide particles (free radical initiator) adding to the
reaction solution. The entire reaction was heated at 100 °C for
60 min. After the reaction, the nanowires were cooled to room tem-
perature, removed from the reaction solution, and washed with
chlorobenzene solvent and tetrahydrofuran (THF) solvent in
sequence. (4) Alkylation of Cl–Si samples: The chlorinated samples
were put into 1.0 M methyl magnesium chloride solution (it can be
obtained by diluting 3M CH3MgCl solution with THF). The reac-
tion continued at 65 °C for 2–3 h. After the reaction, the nanowires
were taken out and washed in THF, methanol, and de-ionized
water in sequence.

Passivation of nanowires with Al2O3

Before the growth of Al2O3, surfaces of the electrode need
to be cleaned with Piranha solution [98% H2SO4:30% H2O2,
3:1 (v/v)]. Then, 2.5% HF was used to remove surface oxides, and
finally, the nanowires were immersed in the concentrated nitric
acid solution and heated at 125 °C for 15 min. This treatment was
to form a 1–2 nm SiO2 layer on the silicon surface. The presence of
a thin layer of SiO2 would facilitate passivation with Al2O3. In the
process of Al2O3 growth by ALD, the precursor pulse time was
0.4 s and then rinsed with Ar for 3 s, the total reactant pulse time
was 0.3 s, the rinse time was 3 s, the rinse gas flow was 600 SCCM,
the substrate temperature was 300 °C, and the growth rate of Al2O3

was 0.1 nm/s. After growth, the samples were annealed at a temper-
ature of 425 °C for 15 min in a nitrogen atmosphere to activate
alumina.
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Fabrication of PIN junctions

The same SOI silicon wafers were used to fabricate PIN junc-
tions. In addition, the same process was used to make PIN struc-
tures. Boron ions with a concentration ∼1 × 1018 cm−3 were
implanted into one of the electrodes of PIN, while the other elec-
trode was implanted with phosphorous ions with a concentration
∼1 × 1018 cm−3. Finally, the aluminum electrodes were evaporated
on the corresponding areas.

Optoelectronic measurement

The devices were characterized in a probe station by high-
precision digital sourcemeters (Keithley 6487 and 2636). Light
from a commercial LED (λ = 520–525 nm) forms a uniform
light illumination spot (∼5 mm in diameter) on the samples. The
light intensity is controlled by the driving current of the circuit.
The light intensity is calibrated by a commercial photodiode
(G10899-003K, Hamamatsu).

Near-field scanning optical microscope measurement

A near-field optical scanning microscope (NTEGRA Solaris
Probe NanoLaboratory) was externally connected to the probe, a
lock-in amplifier (Model SR830 DSP), and a high-precision digital
sourcemeters (Keithley 2400), which were used to scan the photo-
current and surface morphology simultaneously. The scanning
speed was 0.05 HZ.
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