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Triboelectric junction: a model for dynamic
metal–semiconductor contacts†

Xiaote Xu, ab Zhong Lin Wang *cd and Zhengbao Yang *ab

Static metal–semiconductor contacts are classified into Ohmic contacts and Schottky contacts. As for

dynamic metal–semiconductor contacts, the in-depth mechanism remains to be studied. We here

define a ‘‘triboelectric junction’’ model for analyzing dynamic metal–semiconductor contacts, where a

space charge region induced by the triboelectric effect dominates the electron–hole separation process.

Through theoretical analysis and experiments, we conclude that the triboelectric junction influences the

electric output in two aspects: (1) the junction direction determines the output polarity; (2) the junction

strength determines the output magnitude. Both the junction direction and junction strength are closely

related to the electron-affinity difference between the contact metal and semiconductor.

Broader context
Harnessing green energy is an effective solution for addressing the energy crisis. Semiconductor materials have played a significant role in advancing green
energy, exemplified by the well-established photovoltaic effect and the emerging tribovoltaic effect. Solar cells, renowned for their remarkable commercial
success in the energy sector, employ semiconductors to efficiently convert solar energy into electrical energy through the photovoltaic effect. Similarly, dynamic
semiconductor generators harvest mechanical energy through the tribovoltaic effect. However, further investigation is needed to understand the underlying
mechanism of the tribovoltaic effect. While many studies have explained this effect based on static junction theories like Schottky junction and PN junction, the
effect of triboelectric charge at the contact interface calls for further investigation. To address this issue, we have defined a novel ‘‘triboelectric junction’’ model
specifically for analyzing dynamic metal–semiconductor contacts. This work provides a fresh perspective on the mechanism of dynamic metal–semiconductor
contacts, paving the way for further fundamental discoveries and potential applications.

Introduction

Metal–semiconductor contacts, including Ohmic contacts and
Schottky contacts, are fundamental for modern electronics.1

Ohmic contacts exhibit linear current–voltage curves, present-
ing non-rectifying characteristics. Ohmic contacts are usually
desirable for effective charge conduction between semiconduc-
tors and external circuitry, such as source/drain–semiconductor
contacts in transistors.2,3 On the other hand, Schottky contacts

form Schottky barriers at metal–semiconductor interfaces,
demonstrating rectifying characteristics.4 Schottky contacts
find applications in various scenarios, such as rectification in
diodes5 and electron–hole separation in solar cells.6 Overall,
metal–semiconductor contacts significantly contribute to the
advancement of both the electronic and energy industries.

The classical metal–semiconductor contacts discussed above
are static contacts. Recently, dynamic metal–semiconductor
contacts have started to gain attention in the energy-harvesting
field.7–11 However, dark clouds are hanging over the mecha-
nism of dynamic metal–semiconductor contacts.12,13 Schottky
junction theory, established for static contacts, is widely adopted
for explaining dynamic metal–semiconductor contacts.12,13

However, some specific output characteristics cannot be suffi-
ciently explained by the Schottky junction theory (see Fig. S1e
and f, ESI†). These discrepancies suggest that the influence of
the triboelectric charge at the contact interface must be further
investigated. Previous studies have also demonstrated that the
interfacial triboelectric field dominates the electron–hole
separation process in dynamic semiconductor–semiconductor
contacts.14–16 In classical semiconductor physics, surface states
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are important factors in analyzing contact issues,17 not to
mention the unavoidable triboelectric charge induced by
dynamic contacts. Thus, there is a necessity for a novel model
that considers the influence of the triboelectric charge to better
interpret dynamic metal–semiconductor contacts.

Herein, we define a novel ‘‘triboelectric junction’’ model to
analyze the in-depth mechanism of dynamic metal–semicon-
ductor contacts. We demonstrate that the triboelectric junction
dominates the electron–hole separation process in dynamic
contacts. We present a theoretical analysis of the triboelectric
junction, elucidating the electric field and electric potential
distributions. We develop a material’s figure-of-merit, based on
the electron-affinity difference, to characterize both the output
polarity and magnitude. This work provides a new perspective
on the mechanism of dynamic metal–semiconductor contacts,
which opens up avenues for further fundamental discoveries
and potential applications.

Results
Theory of the triboelectric junction

Let’s start by learning about the photovoltaic effect, which
involves the use of semiconductors to convert solar energy into
electricity. As a mature technology, solar cells operate based on a
well-established working mechanism.1,18 This mechanism can be
interpreted through the following steps (see Fig. 1a): (1) a PN
junction or Schottky junction occurs at the contact interface due
to the alignment of Fermi levels; (2) non-equilibrium electron–
hole generation is induced by incident photons with energy
exceeding the semiconductor bandgap; (3) the PN junction or
Schottky junction drives the electron–hole separation, leading to
direct-current generation. Note that the junction region, also
known as the space charge region or depletion region, is
composed of immobile positive and negative ions. This region
serves as the electric field that drives the electron–hole separation.

Fig. 1 Theory of the triboelectric junction. (a) A PN junction or Schottky junction (static contact) drives the electron–hole separation in a solar cell;
(b) a triboelectric junction (dynamic contact) dominates the electron–hole separation process in a dynamic semiconductor generator; (c) the electron-
cloud-potential-well model of the triboelectric effect in a dynamic Al–Si contact, including the electron transfer process between the contact materials
and the related energy release; (d) triboelectric junction, a space charge region induced by the triboelectric effect (electron transfer at the contact
interface); (e) non-equilibrium electron–hole generation in semiconductor, excited by the released energy from the triboelectric effect; (f) electron–hole
separation driven by the triboelectric junction ETJ.
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Analogous to the PN junction or Schottky junction in static
contacts, we introduce a triboelectric junction for interpre-
ting the electric response in dynamic contacts (see Fig. 1b).
We define the triboelectric junction as a space charge region
induced by the triboelectric effect, which only exists in dynamic
contacts. To illustrate this concept, the dynamic contact between
aluminium (Al) and silicon (Si) is adopted as an example (electron
affinity: Al o Si). During the dynamic contact, Al tends to donate
electrons while Si tends to accept electrons (see Fig. 1c). This
results in the accumulation of positive ions on the Al surface and
negative ions on the Si surface. Consequently, a triboelectric
junction (ETJ) is formed, with an electric field direction from Al to
Si (see Fig. 1d). Note that the space charge region in metals is
extremely thin, almost negligible. Ions in metals are included in
the schematic diagram for easier comprehension.

The overall working mechanism of a dynamic semiconduc-
tor generator is summarized as follows: (1) during a dynamic
contact, two essential processes occur simultaneously, respec-
tively the formation of the triboelectric junction at the contact
interface (see Fig. 1d) and the generation of non-equilibrium
electron–hole pairs in the semiconductor (see Fig. 1e); (2) the
non-equilibrium electron–hole pairs are subsequently sepa-
rated by the triboelectric junction (see Fig. 1f), leading to the
direct-current generation. The triboelectric effect plays a crucial
role in two aspects: (1) enabling the formation of the tribo-
electric junction through electron transfer at the interface;
(2) inducing the generation of non-equilibrium electron–hole
pairs through electron excitation in the semiconductor.11,13

A detailed comparison of the working mechanism between a
solar cell and a dynamic semiconductor generator is shown in
Fig. S2 (ESI†).

Formulaic analysis of the triboelectric junction

A triboelectric junction is a space charge region induced by the
triboelectric effect, exhibiting characteristics similar to an
abrupt heterojunction. In an abrupt heterojunction, the ion
types in the space charge region change abruptly from positive
ions to negative ions across the contact interface. Similarly, in a
triboelectric junction, one material donates electrons while the
other material accepts electrons, which also presents an abrupt
change in ion type. Therefore, the analysis of a triboelectric
junction can be analogous to the abrupt heterojunction.1,19,20

To simplify the analysis, we will discuss the triboelectric junc-
tion under a thermal equilibrium condition. Under this condi-
tion, the junction voltage represents the theoretical maximum
junction voltage. In a triboelectric junction, the material that
accepts (donates) electrons forms a negative (positive) ion zone
with an ion concentration of NA (ND) (see Fig. 2a). The widths of
the negative and positive ion zone are defined as xA and xD,
respectively. The contact interface between the negative and
positive ion zones is defined as x = 0. Thus, we obtain the
charge density distribution, as shown in Fig. 2b:

rðxÞ ¼
�qNA; �xA � x � 0

qND; 0 � x � xD

(
: (1)

According to the electron transfer model of the triboelectric effect,21

the space charge amount (the triboelectric charge amount) in the
negative ion zone is equal to that in the positive ion zone:

qNAxA = qNDxD = Q, (2)

where Q is the space charge amount per unit area.
According to the Poisson equation,1,19,20 we obtain

�d
2VðxÞ
dx2

¼ dEðxÞ
dx

¼ rðxÞ
eðxÞ ¼

�qNA

eA
; �xA � x � 0

qND

eD
; 0 � x � xD

8>>><
>>>:

: (3)

Integrating the above equations gives the electric field distribu-
tion, as shown in Fig. 2c:

EðxÞ ¼ �dVðxÞ
dx

¼
�qNAðxþ xAÞ

eA
; �xA � x � 0

qNDðx� xDÞ
eD

; 0 � x � xD

8>>><
>>>:

: (4)

At x = 0, the electric field strength reaches its maximum values
for the negative ion zone (EAm) and positive ion zone (EDm),
respectively. Thus, we obtain

EAm ¼ �
qNAxA

eA
¼ �Q

eA
; (5)

EDm ¼ �
qNDxD

eD
¼ �Q

eD
: (6)

Note that the electric field distribution across the contact
interface (x = 0) is discontinuous due to the change in the
dielectric permittivity. For convenience, the electric field direc-
tion and strength of the triboelectric junction are named
junction direction and junction strength, respectively.

Integrating eqn (4), we obtain the electric potential distribu-
tion, as shown in Fig. 2d:

VðxÞ ¼

qNAðxþ xAÞ
2eA

2

; �xA � x � 0

qND

eD
xD �

x

2

� �
xþ qNAxA

2

2eA
; 0 � x � xD

8>>>><
>>>>:

: (7)

Thus, we obtain the electric potential difference across the
triboelectric junction, namely the junction voltage:

VTJ ¼
qNAxA

2

2eA
þ qNDxD

2

2eD
¼ Q2

2eAqNA
þ Q2

2eDqND
: (8)

A more specific derivation is shown in Note S1 (ESI†).
The formulaic analysis provided above represents the general

model of the triboelectric junction, including both dynamic
semiconductor–semiconductor contacts and metal–semiconduc-
tor contacts. In dynamic semiconductor–semiconductor contacts
with different contact materials, different dielectric-permittivity
values are adopted, similar to abrupt heterojunctions. In dynamic
semiconductor–semiconductor contacts using the same contact
material but with different Fermi levels, the same dielectric-
permittivity value is employed, similar to abrupt PN junctions.
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In dynamic metal–semiconductor contacts, the junction region
is considered to exist solely within the semiconductor due to
the infinite dielectric permittivity of metals (em = N), similar to
one-sided abrupt PN junctions (P+N junctions or PN+ junc-
tions). In dynamic metal–metal contacts, the junction strength
is considered negligible (em = N). Dynamic contacts involving
insulators are not discussed in the triboelectric junction model.

In dynamic metal–semiconductor contacts, the triboelectric
junction can be divided into two categories and further simpli-
fied: (1) The semiconductor accepts electrons (see Fig. 2e, f, and
Fig. S3, ESI†); and (2) The semiconductor donates electrons
(see Fig. 2g, h and Fig. S3, ESI†). Eqn (8) can be reduced to

VTJ ¼
Q2

2esqN
; (9)

where N is NA or ND, depending on whether the semiconductor
accepts or donates electrons.

Material’s figure-of-merit of the triboelectric junction
in metal–semiconductor contacts

The junction voltage is influenced by the parameters Q, es, and
N (see eqn (9)). To investigate the effect of a single parameter,

the control variable method should be employed. In the case of
studying the effect of Q, we can apply this method by using
different metal materials to dynamically contact the same
semiconductor material. This approach allows us to keep the
values of es and N constant, thereby isolating Q as the sole
variable in the equation. If not specified, the subsequent
discussion regarding the effect of Q is based on the aforemen-
tioned control variable method.

Based on eqn (5), (6) and (9), we know that both the junction
strength and junction voltage are positively correlated with Q
(the triboelectric charge density). The triboelectric effect is a
complex phenomenon21 that, so far, no equation can accurately
express the generation of triboelectric charge. However, we can
conclude that Q is related to the contact materials22,23 (kM),
mechanical input14 (kI), and environmental factor24,25 (kE).
Thus, we obtain

Q = f (kM, kI, kE). (10)

We are primarily concerned with the intrinsic material proper-
ties (kM) that determine the tendency of donating or accepting
electrons in the triboelectric effect. The triboelectric series
is commonly used to analyze this effect. While efforts have

Fig. 2 Formulaic analysis of the triboelectric junction. (a) The general model of the triboelectric junction; and the corresponding (b) charge density
distribution; (c) electric field distribution (in a case that eA o eD); (d) electric potential distribution; (e) model and (f) electric potential distribution
of dynamic metal–semiconductor contacts where the semiconductor accepts electrons; (g) model and (h) electric potential distribution of dynamic
metal–semiconductor contacts where the semiconductor donates electrons.
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been made to expand the triboelectric series,22,23 most contact
materials used in the tribovoltaic effect are not included in
the conventional triboelectric series, such as metals and semi-
conductors.

Theoretically, the tendency of donating or accepting elec-
trons in the triboelectric effect is determined by the electron
affinity of the contact materials.26–29 The electron-affinity
values of metals and semiconductors contribute to understand-
ing the triboelectric junction. Electron affinity has also been
studied in chemistry and semiconductor physics. However,
the electron-affinity values in chemistry and semiconductor
physics are characterized in a gaseous state and at a semicon-
ductor–vacuum interface, respectively, and cannot be directly
applied to the triboelectric effect in a solid–solid contact. The
interatomic forces in a solid–solid contact are much stronger
than those in a gaseous state or semiconductor–vacuum
interface.

In electrochemistry, a metal reactivity series is established
using the standard electrode potential30 to analyze the ten-
dency of donating or accepting electrons between metals and
other metal ions in solution (see Fig. S4 and Table S1, ESI†).
In our experiments, we have found that the standard electrode
potential can serve as a reference for electron affinity in
analyzing the triboelectric junction. For example, in the semi-
conductor industry, the electrochemical displacement plating
of metals like copper (Cu), silver (Ag), platinum (Pt), and gold
(Au) on Si is commonly employed for junction depth examina-
tion, also known as junction delineation. In the junction
delineation process, Si donates electrons, while metal ions in
solution accept electrons,31,32 which is consistent with our
experiment results that Si donates electrons and metals
(Cu, Ag, Pt, and Au) accept electrons during dynamic contact.
The possible reason is attributed to the chemical reactions that
occur during tribology, known as mechanochemistry.33–37 The
relative relationship of electron affinity between various metals
and Si is also verified by experiments (see Fig. S5, ESI†).
Therefore, we use the well-established standard electrode
potential as a reference for the electron affinity when analyzing
the dynamic metal–semiconductor contacts.

We introduce a material’s figure-of-merit:38

kM ¼
wM � wS
jwSj

; (11)

where wM and wS are the electron affinities of the contact metal
and semiconductor, respectively. The dimensionless parameter
kM describes the relative relationship of electron affinity between
the two contact materials. The sign of kM indicates the junction
direction; the absolute value of kM reflects the junction strength.

The junction direction determines the output polarity

The total junction at a dynamic interface has two components:
one is the dominant triboelectric junction; the other is con-
tributed by the intrinsic Fermi levels of the two contact materials.
The triboelectric junction is a space charge region that dominates
the electron–hole separation process. The junction direction
determines the output polarity; the junction strength determines

the output magnitude. Note that the term ‘‘output’’ in this work
refers to the open-circuit voltage for convenience. Dynamic
metal–Si contacts were utilized for verification, offering several
advantages: (1) both metal and Si are single-element materials,
whose electron-affinity values can refer to the standard electron
potential; (2) the triboelectric junction is considered to exist
solely within the Si region, as the dielectric permittivity of metal
is infinite (em = N); (3) non-equilibrium electron–hole genera-
tion only occurs in Si.

The influence of junction direction on output polarity was
investigated using various metal–Si contacts. When metals with
electron-affinity values smaller than Si, such as magnesium
(Mg), aluminum (Al), zinc (Zn), and tin (Sn), were used for
dynamic metal–Si contact, the resulting outputs were negative.
Conversely, when metals with electron-affinity values larger
than Si, such as Cu, Ag, Pt, and Au, were involved in the
dynamic metal–Si contact, positive outputs were observed (see
Fig. 3a and Fig. S6, ESI†). From the perspective of kM, the
output polarity is negative when wM � wS o 0, while it is positive
when wM � wS 4 0.

We conducted further verification of the triboelectric junc-
tion using three representative materials (electron affinity: Al o
Si o Cu, see Fig. 3b, c, e and f). Remarkably, we observed
consistent output polarity when sliding the same metal mate-
rial on Si wafers with different Fermi levels (see Fig. 3d and g).
These Si wafers included heavily doped N-type Si wafer (N+ Si),
N-type Si wafer (N Si), intrinsic Si wafer (I Si), P-type Si wafer
(P Si) and heavily doped P-type Si wafer (P+ Si). This observation
serves as strong evidence that the triboelectric junction domi-
nates the electron–hole separation process. For Si wafers, the
variation in Fermi levels was achieved through doping pro-
cesses with different dopant types and concentrations.39–41

Note that the doping concentration in Si wafers is typically very
low, even when they are heavily doped. In the context of Si
wafers, a dopant concentration exceeding 0.1% is considered
heavily doped. Therefore, the primary atoms that come into
contact at the interface are still Si atoms and metal atoms.
Hence, the triboelectric junction demonstrates its dominant
role irrespective of the Fermi level of the Si wafers. Further-
more, we have confirmed the existence of the triboelectric
junction not only in dynamic metal–semiconductor contacts
but also in dynamic semiconductor–semiconductor contacts
(see Fig. S7, ESI†). The working mechanism of three represen-
tative dynamic semiconductor-based contacts is shown in
Fig. S8 (ESI†).

The junction strength determines the output magnitude

By referring to eqn (5) and (6), we can conclude the maximum
junction strength as

Em ¼ �
Q

es
(12)

where Em is EAm or EDm, depending on whether the semicon-
ductor accepts or donates electrons.

From eqn (12), we know that a larger Q results in a larger
maximum junction strength. The junction voltage is the
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integral of the electric field across the junction region. Conse-
quently, a larger Q will result in a larger junction voltage, as
described in eqn (9). To directly investigate the effect of junc-
tion strength on the junction voltage, we can substitute eqn (12)
into eqn (9), thereby establishing a relationship between the
junction voltage and the maximum junction strength:

VTJ ¼
Em

2es
2qN

: (13)

Based on eqn (13), a higher maximum junction strength (Em)
results in a larger junction voltage and subsequently a higher
open-circuit voltage. The relationship between the open-circuit
voltage and the theoretical maximum junction voltage is
explained in Note S2 (ESI†).42–45 From the perspective of kM, a
larger value of |wM � wS| contributes to a greater output
magnitude (see Fig. 4a and e).

For negative output, when dynamically contacting with poly
(3,4-ethylenedioxythiophene):poly (styrene sulfonate) (PED-
OT:PSS), Mg exhibits a higher tendency to donate electrons
compared to Sn. As a result, the dynamic Mg-PEDOT:PSS
contact exhibits a higher junction strength than the dynamic
Sn-PEDOT:PSS contact (junction strength: EMg� 4 ESn�, see
Fig. 4b and c). Consequently, the output magnitude of the
dynamic Mg-PEDOT:PSS contact exceeds that of the dynamic

Sn-PEDOT:PSS contact. Further comparing different metals, we
observe the following regularity of output magnitude: |VMg�| 4
|VAl�| 4 |VZn�| 4 |VSn�| (see Fig. 4d).

Similarly, for positive output, PEDOT:PSS demonstrates
a greater propensity to accept electrons compared to Si when
in dynamic contact with Al. This leads to a higher junction
strength in the dynamic PEDOT:PSS-Al contact compared to
the dynamic Si–Al contact (junction strength: EPP+ 4 ESi+, see
Fig. 4f and g). Consequently, the output magnitude of the
dynamic PEDOT:PSS-Al contact surpasses that of the dynamic
Si–Al contact (see Fig. 4h). In the dynamic semiconductor–Al
contacts (see Fig. 4h), the Al components are grounded. Note
that the dynamic semiconductor–Al contacts shown in Fig. 4e–h
deviate from strict adherence to the control variable method.
The values of es and N may vary when different semiconductor
materials are used. However, it is worth mentioning that
the output magnitude still exhibits a positive relationship with
|wM � wS|. This implies that the electron affinity may have a more
pronounced impact on determining the output magnitude com-
pared to the influence of es and N in this case. Theoretically,
the effect of junction strength on the output magnitude is
independent of polarity. In other words, irrespective of whether
the polarity is negative or positive, a larger value of |wM � wS|
contributes to a greater output magnitude.

Fig. 3 The junction direction determines the output polarity. (a) The sign of wM � wS indicates both the junction direction and the resulting output
polarity; (b) schematic diagram of the electron-cloud-potential-well model and (c) the triboelectric junction in a dynamic Al–Si contact; (d) dynamic
Al–Si contacts generate negative outputs; (e) schematic diagram of the electron-cloud-potential-well model and (f) the triboelectric junction in a
dynamic Cu–Si contact; (g) dynamic Cu–Si contacts generate positive outputs.
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Discussion

We successfully demonstrated that the triboelectric junction
dominates the electron–hole separation process in dynamic
metal–semiconductor contacts. Both the Schottky junction and
the triboelectric junction involve a space charge region for
electron–hole separation. However, they differ in their for-
mation mechanisms. The Schottky junction is governed by
the alignment of Fermi levels, while the triboelectric junction
is induced by the much stronger triboelectric effect.14–16

Furthermore, the presence of a triboelectric junction also
disrupts the dynamic equilibrium of charge movement neces-
sary for maintaining an intrinsic Schottky junction or Ohmic
contact, that is, the triboelectric charge induced by sliding
affects the structure of the energy-band diagram.13 From the
perspective of the ‘‘triboelectric junction’’ model, the complex
coupling effect can be simplified as the influence of the Fermi
level on the triboelectric junction. We have conducted a pre-
liminary qualitative analysis of this coupling effect (see Fig. S9,
ESI†). However, further investigation is necessary to develop a
comprehensive theoretical model that fully considers this
coupling effect. Additionally, the contribution of other effects,
such as surface state,17,46 image force,47,48 tunneling,49 friction
debris, and even mechanochemistry,33–37 can be further studied
to optimize the model.

The tribovoltaic effect has been extensively studied using
various materials, including first-generation semiconductors
(such as Si24), second-generation semiconductors (such as
GaAs50), third-generation semiconductors (such as GaN14–16

and SiC51), organic polymers (such as PEDOT:PSS9,10 and
polypyrrole11), and 2D materials (such as graphene,50 MoS2,8,52

Ta4C3
52 and Ti2C3Tx

53), etc. Note that the derivation of the
theoretical model is specially based on conventional inorganic
semiconductor materials. However, we can infer that the concept
of the triboelectric junction exists in most of the cases mentioned
above. This inference is drawn from the definition that the
triboelectric junction refers to the space charge region induced
by the triboelectric effect, which is universal among almost all
dynamic contacts. Nevertheless, whether the triboelectric junction
plays a dominant role in the electron–hole separation process
requires a detailed analysis of specific situations. For instance, in
the case of 2D materials, further study is needed as some unique
physical properties may exist at the atomically thin level.54,55

Materials and methods
Device fabrication and electrical characterization

All single-polished Si wafers (Zhejiang Lijing Silicon Material
Co., Ltd, China) have the same crystal plane orientation [100]

Fig. 4 The junction strength determines the output magnitude. (a) For the negative output, a larger value of |wM � wS| contributes to a greater output
magnitude; (b) the junction strength of the dynamic Mg-PEDOT:PSS contact is larger than that of (c) the dynamic Sn-PEDOT:PSS contact; (d) output
magnitudes (negative) for dynamic metal-PEDOT:PSS contacts (|VMg�| 4 |VAl�| 4 |VZn�| 4 |VSn�|); (e) for the positive output, a larger value of |wM � wS|
also contributes to a greater output magnitude; (f) the junction strength of the dynamic Si–Al contact is smaller than that of (d) the dynamic PEDOT:PSS-Al
contact; (h) output magnitudes (positive) for dynamic semiconductor–Al contacts (VPP+ 4 VSi+).
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and thickness (500 mm). The resistivities of N+/P+ Si, N/P Si, and
I Si are 0.001–0.005, 1–20, and 45000 O cm, respectively. A gold
film is sputtered on the unpolished side of the Si wafer as a
bottom electrode. The Si wafer was tailored into a rectangle
(20 mm � 30 mm) for device fabrication. The rectangular Si,
with an outgoing line on the bottom gold electrode, is attached
to a PVC substrate. Different metal foils (Mg, Al, Zn, Sn, Cu, Ag,
Pt, and Au) were tailored into a square (5 mm � 5 mm). Each
metal foil is equipped with an outgoing line on the back side
and then attached to PVC substrates. The PEDOT:PSS solution
(Shanghai Ouyi Organic Photoelectric Material, OE-001) is drop-
casted into a cleanroom wiper (20 mm � 30 mm) to form a
PEDOT:PSS-textile composite. The composite is then dried in a
70 1C oven for 60 min. The PEDOT:PSS-textile composite was
attached to a copper bottom electrode (Benyida Company,
thickness 50 mm) on a PVC substrate. The open-circuit voltage
was characterized by an oscilloscope (Rohde and Schwarzrte,
RTE1024) under a normal force of 2 N. If not specified, the
semiconductor component is grounded, except for the testing
depicted in Fig. 4h. The output voltage of the intrinsic Si-based
device was further processed to eliminate the baseline (usually
tens of millivolts) induced by the photovoltaic effect (see
Fig. S10, ESI†).

Data availability

All data needed to evaluate the conclusions in this paper are
present in the paper and/or the ESI.† Additional data and raw
data are available upon request from the authors.
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