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Abstract

Anisotropic mechanical strain as low as 0.1% modifies the electronic response of crys-
talline semiconductor-based devices and in particular affect the performance of solar
cells. We measure the dark current-voltage characteristic of silicon heterojunction so-
lar 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
characteristic to fit our experimental data, we obtain the strain dependence of the dif-
fusion saturation current and find a decrease of about 3% for a tensile strain level of
6.7 x 10~*. '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 car-
riers. The theoretical estimation of the change in saturation current is found to be in
reasonable agreement with experimental results.

Keywords: strain effect, stress, mechanical loading, solar cell, piezojunction effect.

1. Introduction

Mechanical anisotropic strain, by breaking the symmetry of the atomic lattice, mod-

ifies the electronic properties of crystalline semiconductors. In crystalline silicon, the
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strain dependence of these electronic properties has been investigated both theoreti-
cally for the band energy levels and densities of states of the conduction and valence
bands by through deformation potential theory (Bardeen and Shockley, 1950; Herring
and Vogt, 1956; Bir et al., 1974; Fischetti and Laux, 1996; Creemer, 2002) and exper-
imentally 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
etal., 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 spa-
tial distributions and uncertainties in the strain field that develops in the device. While
for the high level of stress (~ 1GPa) 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 sophisticated models are
necessary for lower levels of stress, as typically encountered in real applications. In-
deed, 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 applications 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 difficult. 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 underlying the effect
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Figure 1: Structure of the silicon heterojunction solar cell.

of strain on their electronic response. This is what we propose in the present work by
investigating both experimentally and 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 exper-
imental pocedure consisting of the fabrication of Silicon HeteroJunction (SHJ) solar
cells and the setup used for the combined electro-mechanical measurements. Exper-
imental 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 SHIJ solar cells used in the experiments are fabricated from a commercial (100)
n-doped c-Si wafer of resistivity 2.6 Q.cm. After dipping the wafer for 30s in a solution
of 5% HF, a-SiC:H and a:Si-H layers are deposited in a Plasma-Enhanced Chemical Va-
por 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 x Smm? with sides oriented along the (110) directions. After fabri-
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(a) Side view (b) Front view
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Figure 2: Schematic [(a) and (b)] and photograph (c) of the experimental set-up, with the 15 x 15 mm? solar
cell glued inside the grooves of polymer grips. %y = (e, e2,e;) (M for material) is an orthonormal basis
aligned with the (100) directions of the crystal; B¢ = (ey,ey,e;) (G for grips) is obtained by rotating By

by 7/4 in the clockwise direction and has its vector e, aligned with the loading direction.

cation, the cells are separated by cutting 15 x 15mm? 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 electromechanical test-
ing machine with home-made three-dimensional printed grips. As depicted in Fig. 2,
the 15 x 15 mm? and 270 um thick solar cell is glued inside the 500 um 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
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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 ¢ of
silicon Wortman and Evans, 1965), we can derive its strain state (described by the
small strain tensor €) from the load F' measured by the load cell of the testing machine
with

e=c!: o, ()

where the stress state o is approximately given by

F
o= Eey®ey, 2)

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

the (ey,e;) 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 dif-
ferent loading forces: F = 200N (g, = 2.7 x 107%), F = 300N (g,y = 4.1 x 107%),
F =400N (g, =5.4 x 107%), and F = S00N (g,, = 6.8 x 10~*), which is the last level
of loading before the failure of the sample. At the different load levels, the displace-
ment 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 different 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 0.381V—-0.383V. Curves 1 and 2 at zero-strain are two measurements
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Figure 3: Current-voltage characteristics of a SHJ solar cell under different levels of applied strain. In (a)
the voltage ranges from —1V to 1V, whereas (b) is a zoom on the range 0.381 V—-0.383 V. Numbers 1 to 8

indicate the chronological order of mechanical loadings and unloadings.
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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 mechanically-induced change. Moreover,
whereas changes with further increments of strain are displayed by Curves 6 and 8,
s one can see on Curve 7 at zero-strain that the residual change observed in step 5 has
not been increased. 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 semiconductor.
Note that our experimental results agree well with those performed by Rueda (1999)
o on purely crystalline silicon p-n junctions in the context of integrated circuit. In this
work, the authors 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 junc-
tions. Notwithstanding the difference with our experimental set-up, in that the four-
point bending induces a non-uniform strain field, their measurements of the decrease

s 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;(e), we use a two-exponential model (Wolf et al.,
1977; Suckow et al., 2012) of the j-V relation with effective series resistance R;(e) and

w0 parallel resistance R, (€) to fit the experimental data:

Diffusion current

ite) (e (D) 1) o

Recombination-generation current
V — jRs(e)
)
Ry(e)

3

Parallel resistance current
with j.(&) the saturation current of the Recombination-Generation (RG) current (Sze

and Ng, 2006), g the elementary charge, kg the Boltzmann constant and 7 the abso-
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Figure 4: Equivalent electric circuit for the two-exponential model with j-V expression (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 (—1V,1V).

jS jr Rs Rp
(mA/cm?) (mA/cm?) (Q-cm?) (Q-cm?)
37x1078  1.5%x107° 71 49%10°

lute temperature. The equivalent electric circuit corresponding to the two-exponential
model (3) is shown on Fig. 4.

Note that, in contrast with j;, we do not have physical models for the dependence
of jr, Ry, and R, on strain. Indeed, R, and R, are phenomenological quantities intro-
duced to account for the parasitic resistances of various physical origins (e. g., contact
resistance, resistance of the semiconductor layers, shunts). Likewise, since j, is asso-
ciated with recombination in the space charge region, it involves electronic properties
of both the crystalline and amorphous silicon, the strain dependence of the latter being
unknown.

To determine the four model parameters jg, j-, Rs and R, 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. Then the
strain dependence of the cell parameters is obtained by carrying out, at the different

loading steps, two different fitting procedures as follows:

1. Fir I: In the first procedure, the fit is performed over the range (—1V,1V) with
respect to the four parameters j, j., Ry and R, for all the loading levels.

2. Fit 2: For comparison, we use a second fitting procedure restricted to the range
(0.2V,0.5V) with Ry and R, kept fixed across the fits at different loading levels.

Indeed, since in this range j; contributes predominantly to the total current, it
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Figure 5: Relative change Aj, := (js(€) — js(0))/js(0) of the diffusion saturation current associated with

the j-V curves of Fig. 3 with the two fitting procedures Fit 1 and Fit 2.

corresponds to the region where there is most of the information on it.

The relative changes in jy, as defined by Ajs(g) := (js(€) — js(0))/js(0), are reported
on Fig. 5. One can see a relative change in the diffusion saturation current of about
—39% for a strain of ~ 7 x 10~*. 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 satu-
ration current, we use a model accounting for the strain dependence of the following
electronic properties of silicon: band energy levels (E.(e) and E,(g)) and densities
of states (N, () and N, (&)) of the conduction and valence bands, as well as mobilities
(my () and m,(e)) 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 regions—corresponding to the
(p)a-Si:H layer and (n)c-Si wafer, cf. Fig. 1—with thicknesses W), and W, respectively.
Note that the intrinsic amorphous silicon, n-doped amorphous silicon, and silicon car-

bide layers that are part of the solar cell structure shown on Fig. 1 are buffer and passi-
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vation layers which are not explicitly modeled. However, the influence of these layers
on the electric response appears through the effective surface recombination velocities
S, on the front side (top of (p)a-Si:H layer) and S}, on the back side (bottom of (n)c-Si
layer). Let 7, and 7, be the carrier lifetimes and denote by L,(¢g) := \/W(E)Tn
and L, () := \/Urm, ()7, the associated diffusion lengths where Ur := kT /q 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 indepen-
dent 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):
js = ]xn + jsp» (4)

where jg, and j,, are the contributions to the diffusion saturation current of the layers

(p)a-Si:H and (n)c-Si, respectively, with expressions:

,Urmy, 5;”7” cosh (W, /L,) +sinh (W, /L,
NaLp lf"i sinh (W, /L,) 4 cosh (W, /L,

TMn
L,S
pOp
2Urmy, Urm,

a

jsn = q(”i )

)

®

( )
( )
. . cosh (W, /L,) +sinh (W, /L,)
Jop =40 L LoSo_ b (W,/L,) +cosh (W /L)

Urm,
where N, and N, are the acceptor and donor dopant concentrations, and n¢(e) and
n$(e) 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 Egup(€) := Ec(g) —
E,(e) for amorphous and crystalline silicon according to:

(nf)* = NENy exp [ — Ega /ksT]. ©
(n§)? = NENy exp [ — Eggp /ksT]
where the superscripts a and ¢ 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 j; can be directly computed from Eqgs. (4)-(5) using the strain
dependence of the band energy levels, densities of states and carrier mobilities.
Experiments measuring the temperature dependence of j; in SHJ solar cells simi-

lar to ours (Taguchi et al., 2008) yield an exponential dependence with —1/T with an

10
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activation energy of 1.13eV. This value, which corresponds to the band gap of crys-
talline silicon, indicates that the component jy, coming from the crystalline wafer is

predominant in Eq. (4), that is,
Js(€) = Jsp(e)- ™

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, N, 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

Js(e) = aNE(e)Nyexp [(E}(e) —E{(e)) /ksT] x

L,S .
Urm, U;m‘; cosh (W,/L,) +sinh (W, /L,)

NaLp LS sinh (W, /L,) + cosh (W, /L) ,

Urmp

®)

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

js(e) _js(O) _ _AECC(E) AE\?(E) ANf(s)

Ajs(e) = RO ksT ~ Ng(0)

(€))

Numerically, with the strain state of the experiment given by Eq. (1), we obtain for
&y = 6.8 x 10~* (cf. the Supplementary Material for the expressions of the strain-

dependent electronic parameters E¢(e), ES(e) and N (g)),

Ajy = —7% +7% —6% = —6%. (10)
N~

_AES  AES  ANS
kgT FgT NS

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 combination 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

11
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the modeling essentially comes from the limited knowledge of the strain dependence
N, (g). Indeed, while this parameter has a significant contribution to the total change in
saturation current, the dependence of N, on the triaxiality of the small strain tensor € is

still not well known (cf. the discussion on N, (e) 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 characteristic of a solar cell. We
observe a reversible effect and use a two-exponential description to obtain the strain-
induced change in the diffusion saturation current, which shows a decrease of the order
of 3% for a strain with a longitudinal component of 6.8 x 10~*. We compare this
value with that predicted by a model of the p-n heterojunction that accounts for strain-
dependent carrier mobilities, band energy levels 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 can be accounted for by 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 so-
lar cells, a technology with relatively thick silicon (270 um), which limits the maxi-
mum reachable strain at typically 1 x 1073, 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.

Supplementary material

Supplementary Material for this article can be found online.

12
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