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A B S T R A C T

Anisotropic mechanical strain as low as 0.1% modifies the electronic response of crystalline semiconductor-
based devices and in particular affects the performance of solar cells. We measure the dark current-voltage
characteristic of silicon heterojunction solar cells under different levels of tensile uniaxial stress and observe a
reversible change of the j-V curve with applied strain. Using a two-exponential description of the j-V char-
acteristic to fit our experimental data, we obtain the strain dependence of the diffusion saturation current and
find a decrease of about 3% for a tensile strain level of ×6.7 10 4. We compare these experiments to a theoretical
model that accounts for the effect of strain on the band energy levels, densities of states and mobilities of
carriers. The theoretical estimation of the change in saturation current is found to be in reasonable agreement
with experimental results.

1. Introduction

Mechanical anisotropic strain, by breaking the symmetry of the
atomic lattice, modifies the electronic properties of crystalline semi-
conductors. In crystalline silicon, the strain dependence of these elec-
tronic properties has been investigated both theoretically for the band
energy levels and densities of states of the conduction and valence
bands through deformation potential theory (Bardeen and Shockley,
1950; Herring and Vogt, 1956; Bir et al., 1974; Fischetti and Laux,
1996; Creemer, 2002) and experimentally for the mobilities of carriers
(Smith, 1954; Kanda, 1991; Kleimann et al., 1998; Lange et al., 2016).
At the macroscale, strain modifies the electronic response of electronic
devices such as p-n junctions (Wortman et al., 1964; Wortman and
Hauser, 1966; Kanda, 1967; Rueda, 1999) and transistors (Creemer and
French, 2000; Creemer et al., 2001; Creemer, 2002), a phenomenon
called the piezojunction effect. In the early experimental studies of this
effect on p-n junctions (Imai et al., 1965; Rindner, 1965; Wooten et al.,
1968), strains were applied through an indenter tip or by bonding the
device to a substrate subjected to deformations, which introduced
complex strain spatial distributions and uncertainties in the strain field
that develops in the device. While for the high level of stress (~1 GPa)
exerted in these experiments, the predominant mechanism in the

piezojunction effect is the change in band energy levels (Wortman
et al., 1964; Wortman and Hauser, 1966; Kanda, 1967), more sophis-
ticated models are necessary for lower levels of stress, as typically en-
countered in real applications. Indeed, for moderate stress levels in
transistors (~100 MPa), Creemer and French (2000) pointed out that the
strain dependences of the band energy levels, densities of states, and
mobilities have comparable contributions to the piezojunction effect.

Solar cells are a large domain of application of p-n junctions, where
stresses may be encountered both during the fabrication process and in
device use, in particular with emerging flexible solar cells (Pagliaro
et al., 2008; Velut et al., 2014). Existing works on the effect of stress on
the performance of solar cells concern amorphous silicon solar cells and
are limited to experimental investigations (Jones et al., 2002; Gleskova
et al., 2006; Chen et al., 2018; Dai et al., 2019). Indeed, because the
strain-dependence of the electronic properties of amorphous materials
is currently not well known, the modeling of the effect of stress on the
electronic response of devices based on these materials remains diffi-
cult. By contrast, with crystalline-based solar cells, one may use the
extensive knowledge on the strain-dependence of the properties of
crystalline silicon to develop an understanding of the mechanisms un-
derlying the effect of strain on their electronic response. This is what we
propose in the present work by investigating both experimentally and
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through modeling the strain-induced changes in the electronic reponse
of silicon heterojunction solar cells.

The rest of the article is organized as follows. In Section 2, we
present the experimental pocedure consisting of the fabrication of Si-
licon HeteroJunction (SHJ) solar cells and the setup used for the
combined electro-mechanical measurements. Experimental results on
the strain dependence of the j-V curve under uniaxial tension are given
in Section 3, whereas a theoretical model for this effect is proposed in
Section 4. Finally, we draw concluding remarks in Section 5.

2. Experimental

2.1. Silicon heterojunction solar cells

The SHJ solar cells used in the experiments are fabricated from a
commercial (100) n-doped c-Si wafer of resistivity 2.6 ·cm. After
dipping the wafer for 30 s in a solution of 5% HF, a-SiC:H and a:Si-H
layers are deposited by Plasma-Enhanced Chemical Vapor Deposition
(PECVD) at °175 C. Aluminum electrodes are subsequently deposited by
thermal evaporation in vacuum and the resulting cells are annealed at

°180 C for 15 min to improve the carrier lifetime. The resulting structure
of the solar cell is shown on Fig. 1. Note that, for the evaporation of the
top electrode, we use a mask with square cell sections of ×5 5 mm2

with sides oriented along the 110 directions. After fabrication, the
cells are separated by cutting ×15 15 mm2 squares providing space
around each cell for gripping it throughout the mechanical loading.

2.2. Setup for mechanical loading

To load mechanically the solar cells, we use an Instron 3366 elec-
tromechanical testing machine with home-made three-dimensional
printed grips. As depicted in Fig. 2, the ×15 15 mm2 and 270 µm thick
solar cell is glued inside the 500 µm grooves of the polymer grips. Note
that the sample is glued after the grips have been set in the testing
machine in order to avoid exerting pre-stress on the silicon wafer.

In such a configuration, the silicon sample carries all the uniaxial
load exerted by the testing machine. Moreover, given that the stiffness
of the polymer grips (Young’s modulus is about 2.4 GPa) is much
smaller than that of silicon (elastic coefficients of the order of 100 GPa),
we can assume the silicon wafer to be in a state of uniaxial stress. Using
the elastic properties of silicon (described by the elasticity tensor c of
silicon Wortman and Evans, 1965), we can derive its strain state (de-
scribed by the small strain tensor ) from the load F measured by the
load cell of the testing machine with

= c : ,1 (1)

where the stress state is approximately given by

= F
S

e e ,y y (2)

with ey the loading direction (cf. Fig. 2) and S the section area of the
silicon sample in the e e( , )x z plane.

2.3. Electrical measurements

For the electrical measurements, the solar cell is connected to a
Keithley 2460 sourcemeter using gold wires bonded with silver paste to
its front and back electrodes. With this set-up, the current-voltage
characteristic of the solar cell is measured for different loading forces:

=F 200 N ( = ×2.7 10yy
4), =F 300 N ( = ×4.1 10yy

4), =F 400 N
( = ×5.4 10yy

4), and =F 500 N ( = ×6.8 10yy
4), which is the last

level of loading before the failure of the sample. At the different load
levels, the displacement of the grips is maintained fixed for about one
minute, which is the time needed to measure the j-V characteristic. Note
that, in order to check the reversibility with deformation of the change
in the characteristic, we return to zero load ( =F 0) between the dif-
ferent loading levels and measure, in these relaxed states, the j-V
characteristics.

3. Results

3.1. Dark current-voltage characteristics under mechanical loading

Fig. 3 shows the current-voltage characteristic of a particular solar
cell for different levels of applied strain. At the scale of Fig. 3(a), the j-V
curves superimpose and the effect of strain is not visible; we therefore
plot them in Fig. 3(b) in the restricted voltage range 0.381 V – 0.383 V.
Curves 1 and 2 at zero-strain are two measurements performed with an
interval of 12 h, the drying time for the glue. Curves 3 and 4 display a
shift in characteristic induced by the first two strain levels and Curve 5
at zero-strain shows a small residual irreversible part in the mechani-
cally-induced change. Moreover, whereas changes with further incre-
ments of strain are displayed by Curves 6 and 8, one can see on Curve 7
at zero-strain that the residual change observed in step 5 has not in-
creased. Hence, while the first level of loading may have induced some
irreversible change in the cell, most of the contribution to the strain-
induced change is indeed due to elastic deformation of the semi-
conductor.

Note that our experimental results agree well with those performedFig. 1. Structure of the silicon heterojunction solar cell.

Fig. 2. Schematic [(a) and (b)] and photograph (c) of the experimental set-up,
with the ×15 15 mm2 solar cell glued inside the grooves of polymer grips.

= e e e( , , )M 1 2 2 (M for material) is an orthonormal basis aligned with the 100
directions of the crystal; = e e e( , , )G x y z (G for grips) is obtained by rotating

M by /4 in the clockwise direction and has its vector ey aligned with the
loading direction.
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by Rueda (1999) on purely crystalline silicon p-n junctions in the
context of integrated circuit. In that work, the author used a four-point
bending flexural test to measure the effect of both compressive and
tensile stress on the j-V characteristic of planar and lateral p-n junctions.
Notwithstanding the difference with our experimental set-up, in that
the four-point bending induces a non-uniform strain field, these mea-
surements of the decrease in the direct current under tensile strain are
comparable to ours.

3.2. Strain dependence of the diffusion saturation current

In order to quantify the strain dependence of the parameters of the
cell, in particular of the diffusion saturation current j ( )s , we use a two-
exponential model (Wolf et al., 1977; Suckow et al., 2012) of the j-V
relation with effective series resistance R ( )s and parallel resistance
R ( )p to fit the experimental data:

= +

+

( )

( )

( )

( )

j j

j

( ) exp 1

( ) exp 1 ,

s
q V jR

k T

r
q V jR

k T
V jR

R

( ( ))

Diffusion current

( ( ))
2

Recombination-generation current

( )
( )

Parallel resistance current

s
B

s
B

s
p

(3)

with j ( )r the saturation current of the Recombination-Generation (RG)

current (Sze and Ng, 2006), q the elementary charge, kB the Boltzmann
constant and T the absolute temperature. The equivalent electric circuit
corresponding to the two-exponential model (3) is shown on Fig. 4.

Note that, in contrast with js, we do not have physical models for the
dependence of j R,r s, and Rp on strain. Indeed, Rs and Rp are phenom-
enological quantities introduced to account for the parasitic resistances
of various physical origins (e. g., contact resistance, resistance of the
semiconductor layers, shunts). Likewise, since jr is associated with re-
combination in the space charge region, it involves electronic proper-
ties of both the crystalline and amorphous silicon, and the strain de-
pendence of the latter is unknown.

To determine the four model parameters j j R, ,s r s and Rp from the
experimental j-V characteristics, we use the algorithm developed by
Suckow et al. (2012) (see also Suckow, 2014) based on a least-square fit
of Eq. (3) to the experimental data. The parameters obtained from the j-
V curve of Fig. 3 are summarized in Table 1. Thereafter, the strain
dependence of the cell parameters is obtained by carrying out, at the
different loading steps, two different fitting procedures as follows:

1. Fit 1: In the first procedure, the fit is performed over the range
( 1 V, 1 V) with respect to the four parameters j j R, ,s r s and Rp, for
all the loading levels.

2. Fit 2: For comparison, we use a second fitting procedure restricted to
the range (0.2 V, 0.5 V) with Rs and Rp kept fixed across the fits at
different loading levels. Indeed, since, in this range, js contributes
predominantly to the total current, it corresponds to the region
where there is most of the information on it.

The relative changes in js, as defined by
= 0 0j j j j( ) ( ( ) ( ))/ ( )s s s s , are reported on Fig. 5. One can see a re-

lative change in the diffusion saturation current of about 3% for a
strain of ×~7 10 4. The difference between the two methods gives an
idea of the uncertainty on that measurement, which is about 1% in
absolute value.

4. Modeling of the strain-effect

To interpret the measurements of the strain-induced change in the
diffusion saturation current, we use a model accounting for the strain
dependence of the following electronic properties of silicon: band en-
ergy levels (E ( )c and E ( )v ) and densities of states (N ( )c and ) of the
conduction and valence bands, as well as mobilities (m ( )n and m ( )p )
of electrons and holes (Guin et al., 2018; Guin, 2018). We model the
solar cell as a p-n heterojunction with p- and n-doped re-
gions—corresponding to the (p) a-Si:H layer and (n) c-Si wafer, cf.
Fig. 1—with thicknessesWp andWn, respectively. Note that the intrinsic
amorphous silicon, n-doped amorphous silicon, and silicon carbide
layers that are part of the solar cell structure shown on Fig. 1 are buffer
and passivation layers which are not explicitly modeled. However, the

Fig. 3. Current-voltage characteristics of a SHJ solar cell under different levels
of applied strain. In (a) the voltage ranges from 1 V to 1 V , whereas (b) is a
zoom on the range 0.381 V – 0.383 V. Numbers 1 to 8 indicate the chron-
ological order of mechanical loadings and unloadings.

Fig. 4. Equivalent electric circuit for the two-exponential model with j-V ex-
pression (3).

Table 1
Best fit parameters of (3) with the experimental j-V characteristic of the solar
cell of Fig. 3 for a fit over the range ( 1 V, 1 V).

js jr Rs Rp

(mA/cm2) (mA/cm2) ( ·cm2) ( ·cm2)

×3.7 10 8 ×1.5 10 5 71 ×4.9 105
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influence of these layers on the electric response appears through the
effective surface recombination velocities Sn on the front side (top of (p)
a-Si:H layer) and Sp on the back side (bottom of (n) c-Si layer). Let n

and p be the carrier lifetimes and denote by =L U m( ) ( )n T n n and
=L U m( ) ( )p T p p the associated diffusion lengths where

=U k T q/T B is the thermal voltage. Note that our focus being on the
strain-induced changes in the current, only relative changes in currents
and not their absolute values are relevant. As a result, as long as surface
recombination velocities and carrier lifetimes are supposed in-
dependent of strain, their values are not needed. The expression of the
diffusion saturation current is a generalization of the Shockley relation
(Nelson, 2003; Fonash, 2012):

= +j j j ,s sn sp (4)

where jsn and jsp are the contributions to the diffusion saturation current
of the layers (p) a-Si:H and (n) c-Si, respectively, with expressions:

=
+

+

=
+

+
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p p
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where Na and Nd are the acceptor and donor dopant concentrations, and
n ( )i

a and n ( )i
c are the intrinsic carrier concentrations in the (p) a-Si:H

layer and (n) c-Si wafer, respectively. The latter involve the density of
states and band gap =E E E( ) ( ) ( )gap c v for amorphous and crys-
talline silicon according to:

=
=

n N N E k T
n N N E k T

( ) exp[ / ],
( ) exp[ / ],
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c
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v
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gap
a

B

i
c

c
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v
c

gap
c

B

2

2 (6)

where the superscripts a and c are associated to the amorphous and
crystalline layers, respectively. Given the state of homogeneous strain
to which the cell is subjected, the change with strain of js can be directly
computed from Eqs. (4) and (5) using the strain dependence of the band
energy levels, densities of states and carrier mobilities.

Experiments measuring the temperature dependence of js in SHJ
solar cells similar to ours (Taguchi et al., 2008) yield an exponential
dependence with T1/ with an activation energy of 1.13 eV. This
value, which corresponds to the band gap of crystalline silicon, in-
dicates that the component jsp coming from the crystalline wafer is
predominant in Eq. (4), that is,

j j( ) ( ).s sp (7)

It turns out that for the particular crystallographic directions chosen in
the experiments (uniaxial stress along direction 110 and current and
voltage along direction 100 as shown on Fig. 2), the strain dependence
in the hole mobility can be neglected (see details in the Supplementary
Material). Moreover, Nc in silicon has also a negligible dependence on
strain (Kanda, 1967; Bir et al., 1974; Kleimann et al., 1998; Creemer,
2002). As a result, the saturation current simplifies to

= ×

+

+

j qN N E E k T
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p p
T p
p p

T p (8)

where, in Eq. (8), the significant dependences of the electronic para-
meters on have been explicitly written. In turn, the relative change in
saturation current with strain can be linearized as

= = + +
0

0 0
j

j j
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Numerically, with the strain state of the experiment given by Eq. (1),
we obtain for = ×6.8 10yy

4 (cf. the Supplementary Material for the
expressions of the strain-dependent electronic parameters E E( ), ( )c

c
v
c

and N ( )v
c ),

= + =j 7% 7% 6% 6%.s
E

k T
E

k T
N

N
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B
v
c

B
vc

vc (10)

The change in saturation current of −6% predicted by the theory is
about twice what we have measured. From the decomposition Eq. (10),
we can see that the predicted variation of −6% results from the com-
bination of the positive and negative effects of the various parameters,
among which the effect of strain on the density of states of the valence
band. It is likely that the discrepancy between the experimental result
and the modeling essentially comes from the limited knowledge of the
strain dependence N ( )v . Indeed, while this parameter has a significant
contribution to the total change in saturation current, the dependence
of Nv on the triaxiality of the small strain tensor is still not well known
(cf. the discussion on N ( )v in the Supplementary Material).

5. Conclusion

In conclusion we have devised an experimental set-up that allows to
measure the effect of uniform strain on the dark current-voltage char-
acteristic of a solar cell. We observe a reversible effect and use a two-
exponential description to obtain the strain-induced change in the dif-
fusion saturation current, which shows a decrease of the order of 3% for
a tensile strain with a longitudinal component of ×6.8 10 4. We com-
pare this value with that predicted by a model of the p-n heterojunction
that accounts for strain-dependent carrier mobilities, band energy le-
vels and densities of states. Specifically, the model predicts, for the
strain state encountered in the experiment, a decrease in the diffusion
saturation current of about 6%. This prediction is in agreement with
experiments within a factor of two, a discrepancy that is likely due to
the incomplete knowledge of the effect of strain on the density of states
of the valence band.

Finally, note that in this work, we have investigated the strain effect
on SHJ solar cells, a technology with relatively thick silicon (270 µm),
which limits the maximum reachable strain at typically ×1 10 3. At
these levels of strain, the change in the current-voltage characteristic is
measurable but small (a few percent), suggesting that the behavior of
the cell is not strongly affected by strain. By contrast, the strain effect
could be significantly larger with the higher levels of strain that may be
reached in thinner crystalline solar cell technologies (Bergmann, 1999;
Chopra et al., 2004), thus motivating further investigations.

Fig. 5. Relative change = 0 0j j j j( ( ) ( ))/ ( )s s s s of the diffusion saturation
current associated with the j-V curves of Fig. 3 with the two fitting procedures
Fit 1 and Fit 2.
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In this supplementary material, we present the strain dependence of the electronic parameters of silicon for an arbitrary strain
triaxiality. To this end, we use the results from the solid state physics literature on the dependence on strain of the properties of
the subbands of the conduction and valence bands of silicon to derive an equivalent two-band formulation for the effective strain
dependence of the band edges and densities of states. In sum, we derive the following quantities:{

∆Ec(ε) = Ec(ε)−Er
c , ∆Ev(ε) = Ev(ε)−Er

v ,

∆Nc(ε) = Nc(ε)−Nr
c , ∆Nv(ε) = Nv(ε)−Nr

v ,
(S1)

as well as the changes in the rank-2 tensorial mobilities,

∆Mn(ε) = Mn(ε)−Mr
n, ∆Mp(ε) = Mp(ε)−Mr

p, (S2)

where the superscript r denotes the relaxed state of the crystal (ε= 0).

I. REDUCTION OF THE BAND STRUCTURE TO A TWO BANDS DESCRIPTION

The energy band structure of silicon has six subbands in the conduction band and two subbands—called heavy hole band and
light hole band—in the valence band (a third subband of the valence band, called spin-orbit band, can be neglected as justified
subsequently). Band structure computations performed on the strained crystal allows to quantify the strain-induced changes in
each subband. In this section, we shall reduce the multiple band picture of solid state physics to a simplified description with
one effective conduction band and one effective valence band, with strain-induced changes equivalent to the compiled effects on
the subbands.

A. Conduction band

First, consider the conduction band of silicon. Its six subbands have, in the relaxed state, equal Density Of States (DOS),
denoted by Nsc,r (the index sc indicates a Subband of the Conduction band and r the Relaxed state ε= 0), and equal edge energy
corresponding to the edge energy of the effective conduction band Ec,r. Under an applied small strain ε, the edge energy of
the m conduction subband changes by the quantity ∆Em

sc(ε), while the change in effective density of states is much smaller and
can be neglected.S1 The computation of the change in band edge ∆Em

sc(ε) is treated with the deformation potential theory that
was introduced by Bardeen and ShockleyS2 and further developed in Refs. S3 and S4. It is usually modeled with the dilational
deformation potential Ξd and shear deformation potential Ξu by:

∆Em
sc(ε) = (ΞdI+Ξukm⊗km) : ε, (S3)

where km is the unit vector associated to the direction of the band m in the k-space (reciprocal to the physical space).
Let BM = (e1,e2,e3), the basis aligned with the principal crystallographic directions 〈100〉 of silicon (index M of BM is

for material, as it is attached to the directions of the material), the km vectors are ±e1,±e2,±e3 for the subbands m = 1,4,
m = 2,5, and m = 3,6, respectively. Values for Ξd and Ξu vary in the literature by about 10 %. We take the values from Ref. S3:
Ξd = 1.1 eV and Ξu = 10.5 eV.

We now introduce a unique effective conduction band with DOS Nc and edge energy Ec(ε). These properties—and their strain
dependence—are determined by the equality, at first order in strain, of the expressions of density of electron in the effective band
description and in the multiple-band model.
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In the multiple-band description, the density of electrons n(ε) is given byS5

n(ε) =
6

∑
m=1

Nsc exp
[
−
(
Er

c +∆Em
sc(ε)−EFn(ε)

)
/kBT

]
, (S4)

where EFn(ε) is the quasi-Fermi level for electrons. Likewise, in the one-band description, the density of electrons reads

n(ε) = Nc exp
[
−
(
Er

c +∆Ec(ε)−EFn(ε)
)
/kBT

]
. (S5)

By letting,

Nc = 6Nsc, ∆Ec(ε) =−kBT ln
(

1
6

6

∑
m=1

exp
[
−∆Em

sc(ε)/kBT
])

, (S6)

the equality of electron densities in the two descriptions Eq. (S4) and Eq. (S5) is satisfied. With the aim of developing a first
order linear theory of the effect of strain on semiconductors, we linearize Eq. (S6) for small strain-induced changes:

∆Ec(ε) =
1
6

6

∑
m=1

∆Em
sc(ε). (S7)

Finally, inserting Eq. (S3) in Eq. (S7) yields

∆Ec(ε) =
(

Ξd +
1
3

Ξu

)
I : ε. (S8)

B. Valence band

Second, consider the valence band comprised of the heavy hole band and light hole band. While these two bands have the
same energy level in the relaxed state, there also exists a third subband, the spin-orbit coupling band, lying at a lower energy
level than the two others. As such, this subband contributes much less to the density of holes and can be neglected. In the same
way as for the conduction band, we derive an equivalent one-band description with the additional difficulty that the densities of
states of the heavy and light hole bands depend significantly on strain.

Denote by ∆E l
sv(ε) and ∆Eh

sv(ε) the changes in band edge energy of the light and heavy hole subbands with respect to their
common level in the relaxed state Er

v and let ∆Nl
sv(ε) and ∆Nh

sv(ε) the changes in DOS of these two subbands. In the multiple-
band description, the density of holes p(ε) is given by

p(ε) =
((

Nl
sv,r +∆Nl

sv(ε)
)

exp
[
∆E l

sv(ε)/kBT
]
+
(

Nh
sv,r +∆Nh

sv(ε)
)

exp
[
∆Eh

sv(ε)/kBT
])
×

exp
[(

Er
v −EFp(ε)

)
/kBT

]
, (S9)

where EFp(ε) is the quasi-Fermi level of holes.
In the one-band description of the valence band, the density of holes reads

p(ε) =
(

Nr
v +∆Nv(ε)

)
exp
[
(Er

v +∆Ev(ε)−EFp(ε))/kBT
]
, (S10)

where ∆Nv(ε) and ∆Ev(ε) are the effective change of the one-band density of states and energy level to be computed from the
knowledge on the subbands. Equality of Eq. (S9) and Eq. (S10) yields, at first order in ε,

∆Nv(ε) = ∆Nl
sv(ε)+∆Nh

sv(ε),

∆Ev(ε) =
Nl

sv,r

Nr
v

∆E l
sv(ε)+

Nh
sv,r

Nr
v

∆Eh
sv(ε).

(S11)

In sum, the strain dependence of the equivalent one-band quantities has been expressed as function of the strain dependence of
the subband quantities. The latter can be found in the solid state physics literature, in particular the change in subband energy
level is given by KandaS6, for u = h, l,

∆Eu
sv(ε) = aI : ε±

(
b2

2
(
(ε11− ε22)

2 +(ε11− ε33)
2 +(ε33− ε22)

2)+d2(
ε

2
12 + ε

2
13 + ε

2
23
))1/2

, (S12)
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where the the plus sign is for the heavy hole band and the minus sign for the light hole bandS1 and a, b and d are the valence band
deformation potentials for which we retain the most recent values from Ref. S7: a = 2.1eV, b = −2.33eV and d = −4.75eV.
For the effective description of the valence band, ∆Ev(ε) is obtained combining Eq. (S11) and Eq. (S12) with Nh

sv,r/Nr
v = 0.84

and Nl
sv,r/Nr

v = 0.16.S8

While it has been recognized early that, unlike the conduction band, the effective density of states of the valence band
depends on strainS4,S6,S9 it is only recently that CreemerS1 pointed out that the change in DOS of the valence band contributes
significantly to the piezojunction effect, in particular at relatively moderate strains (a few tenth of percent). We do not have
an analytical expression valid for an arbitrary triaxial strain state of that strain dependence and therefore assume an hydrostatic
relation, which we calibrate from the band calculations under uniaxial strain of Ref. S1. In addition, these band calculations
reflect a symmetric behavior between tensile and compressive strains, which we account for. The hydrostatic strain dependence
is a strong assumption and we should, in the following, keep in mind that the estimated contribution to the change in electric
current induced by the modification of the valence band density of states is very uncertain. In sum, we write, for each valence
subband u = h, l,

∆Nu
sv(ε) = Ñu

sv |I : ε|, (S13)

where the scalar coefficients Ñl
sv = 240Nl

sv,r and Ñh
sv =−240Nh

sv,r are computed from Figure 2.16 of Ref. S1. Combining Eq. (S11)
with Eq. (S13), we obtain the strain dependence of the effective valence band density of states:

∆Nv(ε) = Ñv |I : ε|, (S14)

with Ñv = −170Nr
v . Relation Eq. (S14) is only an approximate estimation of the strain effect on the DOS of the valence band.

A detailed band calculation for general strain is required to derive a more exact strain dependence with full account of strain
triaxiality.

II. CHANGE IN MOBILITIES

A. General Theory

The change with strain of the mobility of electrons and holes is equal to the opposite of the change in resistivity. The latter
is measured in experimentsS1,S10 and, as such, yields the mobility changes of electrons and holes in the effective one-band
description. Thus, there is no need to resort to the subband description for mobilities. The changes in resistivity are usually
expressed with respect to the stress tensor σ with the rank-4 piezoresistive tensors Πn and Πp for electrons and holes.S1,S10,S11

Using those tensors and the constitutive relation σ = c : ε with c the elasticity tensor, the relative change in the i j-coefficient of
the mobility tensor can be expressed with the small strain tensor ε

(∆Mq)i j(ε)

(Mr
q)i j

=−
(
Πq : c : ε

)
i j , (S15)

for q = n, p and for every i, j = 1,2,3, without summation on the repeated indices.

a. Practical calculation of the effect of strain on mobilities Equation. (S15) can be expressed in matrix form using the Voigt
notation. Denote by [a]B the matrix of the coefficients of a tensor a of rank-1 or -2 in the basis B and {A}B the representation,
in Voigt notation, of a properly symmetric tensor A of rank-2 or -4 in basis B. For any rank-2 tensor, we have the usual relation
between classical and Voigt notations,

{A}1 = [A]11, {A}2 = [A]22, {A}3 = [A]33,

{A}4 = [A]23, {A}5 = [A]13, {A}6 = [A]12,
(S16)

with an exception for the extradiagonal terms of the strain tensor ε,

{ε}4 = 2[ε]23, {ε}5 = 2[ε]13, {ε}6 = 2[ε]12. (S17)

This allows us to rewrite Eq. (S15) as

{∆Mq}i(ε)

{Mr
q}i

=−
(
{Π}q · {c} · {ε}

)
i , (S18)
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Πn
11 Πn

12 Πn
44 Π

p
11 Π

p
12 Π

p
44

-102.2 53.4 -13.6 6.6 -1.1 138.1

TABLE I. Piezoresistive coefficients in 10−11 Pa−1 from Ref. S10. For comparison with values obtained by other works see Ref. S1, Table
2.4.

for every i = 1..6, where for two rank-2 or -4 tensors A and B, {A} · {B} denotes the traditional matrix-matrix or matrix-vector
product.

In Voigt notations, due to the cubic symmetries of silicon, in the basis BM , the matrices {Πq} for q = n, p readS10–S12

{Πq}BM =


Π

q
11 Π

q
12 Π

q
12 0 0 0

Π
q
12 Π

q
11 Π

q
12 0 0 0

Π
q
12 Π

q
12 Π

q
11 0 0 0

0 0 0 Π
q
44 0 0

0 0 0 0 Π
q
44 0

0 0 0 0 0 Π
q
44

 , (S19)

with the coefficients summarized in Table I. Note the variations up to two orders of magnitude between the different coefficients
of Table I, which indicate that the carrier mobilities might be significantly or little affected by the stress depending on both:

1. The stress state (i.e., its triaxiality),

2. The components of the mobility tensor relevant for a particular experiments and which are determined by the directions
of electron (resp. hole) current and gradient of electron (resp. hole) electrochemical potential.S13

We also recall that the elasticity tensor c of silicon in Voigt notation has the same form as Eq. (S19) with coefficients in the
basis BM , c11 = 166 GPa, c12 = 64 GPa and c44 = 80 GPa.S14

B. Application to the experiment shown in Fig. 2 of the main article

In the following, we show why the strain dependence in the hole mobility can be neglected for the particular crystallographic
directions of the experiment reported in Fig. 2 of the main article. With the basis BG of Fig. 2, the component of the mobility
tensor involved in hole transport is Mp,zz. The change with strain of that component is computed using Eq. (S18), which yields
by taking the component εyy for the amplitude of strain (εxx and εzz are implicitly accounted for by writing them as a function of
εyy):

∆Mp,zz

Mp,zz
=−4c2

11c44 +4c11c12c44−8c2
12c44

c2
11 + c11c12 +2c11c44−2c2

12
Π

p
12εyy, (S20)

Numerically, for εyy = 1× 10−3 (upper bound in the experiments), the relative change in mobility is only of 0.2% which is
very small compared to the changes due to the other phenomena (of the order of 10%). As a result, for the experiment under
consideration the influence of mobility can be neglected as mentioned in the main article.
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