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S1. Contents

This document contains supplementary information for the paper entitled
“Novel High-Efficiency c-Si Based Compound Heterojunction Solar Cells: HCT
(Heterojunction with Compound Thin-layer)”. Section S2 details the carrier transport
mechanism at the heterojunction interface. Section S3 presents the modeling input
GUI in the solar cell simulation program, wxAMPS, and describes the modeling setup
of c-Si surface recombination. Section S4 contains the material parameters used in the
simulation.



S2. Carrier Interface Transport
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Figure S1. a. a hetero-interface energy band diagram between two different semiconductors before
contact. b. a hetero-interface energy band diagram between two different semiconductors after contact,
in this case heterojunction has been formed. y is electron affinity, . stands for conduction band and E,
stands for valence band, E;is the Fermi energy level, Ej, Ej, stand for quasi-Fermi levels for electrons
and holes of both materials, respectively. V;; denotes the built-in potential at heterojunction, and @,, @,
represent the height of blocking barriers for electron and holes, respectively. The subscripts 7, 2

indicate the parameter attributed to material 1 and material 2, respectively.
S2.1 Interface Barrier

The recombination rate R which considers tunneling-enhanced effects can be
estimated as':

_ NiVipon(1+ 1) (1 +Tp)op(np — n;?)
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where N, is the defect density, V, is the thermal velocity, n, p are the concentrations
of electrons and holes, #; is the intrinsic carrier density, and o, and o, are the capture
cross-section for electrons and holes, respectively. I, and I, are field-driven tunneling
functions that account for trap-assisted tunneling effects. In the energy band structure
of hetero-interface shown in Fig. S1(b), the type of the interface has been reversed,
and electron is the minority carrier at the interface, which means n<<p. In this case,
Eq. S1 can be reduced to:

RxNV,o,(1+T )n (Eq. S2)



As seen in Eq. S2, the recombination rate at the interface mainly depends on the
minority carrier density. And the amount of electrons arrived at the hetero-interface
can be given by using Boltzmann distribution?:

n=Ne """ (Eq. S3)

where N, is the local effective density of states for conduction band. According to the
intra-band tunneling model, the electron current at the hetero-interface J;,, is described
as 3:

Jo = AT (™M _1)(1+6) (Eq. S4)
where 4* is the Richardson constant for the smaller electron effective mass between
two adjacent materials, 4E(int) is the quasi-Fermi level difference for electrons at
interface, and the intra-band tunneling coefficient 8. Similar equations are applied to
the interface transportation of holes. As shown in Eq. S3~S4, the electron blocking
barrier @, exponentially influences the electron density at the interface as well as the
electron current across the interface. Therefore, according to Eq. S2 the interface
recombination is able to be decreased dramatically by increasing @,.

For the majority carrier hole, its current across the heterojunction constitute the
main proportion of the interface current. Hence, the blocking barrier @, is expected as
low as possible so as to allow most of the majority carrier to flow through the
interface.

In this research, material 2 is crystalline Si (c-Si), and material 1 is the
alternative thin film to amorphous Si (a-Si:H). Based on the discussion above, an
ideal material 1 should possess low y; to reduce @,, and thus reduce the interface
recombination. Meanwhile, its band gap can not be too large, otherwise it will
introduce a high @, in valence band, which is detrimental to the current transport the
interface, and deteriorates the device performance.

S2.2 Built-in Potential

The heterojunction built-in potential arises from the work function difference
between two adjacent materials before contact. Its value depends on doping levels and
energy band structures of two materials, and is evaluated by?:

N N,
V=X, +E, —kTn NVI -7, —lenN—62 (Eq. S5)
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where E, is the band gap, Ny is the effective density of states for valence band, and N,
N are the doping concentrations for holes and electrons, respectively.



In the heterojunction structure shown in Fig. S1(b), material 1 acts as an emitter
layer which is heavily doped. In this case, Ns;>>Np,, and most of the space charge
region (SCR) lies in material 2. The electric filed in SCR contributes to separating the
photo-excited carriers, and generates photovoltaic effects. And the SCR width in
material 2, d, at thermal equilibrium is estimated by?:

U (Eq. S6)

where ¢ is the basic electron charge, ¢ is the permittivity. And the maximum of
electric field E,,, at the hetero-interface is given by:

_gNp,d

max

Eq. S7
2, (Eq. S7)

According to Eq. S6~S7, V},; determines the SCR width and the electric field at
the heterojunction. The increment of V;; is beneficial to the photocurrent collection.



S3. Modeling Input in wxAMPS
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Figure S2. Graphical modeling input interface in wxAMPS.

wxAMPS is a numerical solar cell modeling software which considers the trap-
assisted tunneling effects and intra-band tunneling mechanism'#. Figure S2 exhibits
its graphical user interface for inputting device structure and material parameters®.
The device structure of HCT solar cell is displayed on the up-left side of the dialog
box.

Due to dangling bonds and lattice disturbance at the c-Si surface, defect states
are introduced in the energy band and result in efficiency loss. In the wxAMPS
modeling, there are two artificial interface layers on both sides of c¢-Si, which mimic
the ¢-Si surface recombination. The interface defect density (D;,) is set as®:

D,=G,Ex, (Eq. S8)

where G, is the density of background mid-gap states, x, is the interface layer
thickness. More details of interface layers are listed in Table S2 in the next section.
And the interface recombination velocity (S) is evaluated by a numerical approach:

_[Rdx

S =i (Eq. S9)
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where R is the recombination rate within the interface layer, int stands for the whole
interface layer, m denotes the concentration of the minority carrier arriving at the c-Si
interface, which is p (hole) for n-type c-Si substrate, and n (electron) for p-type c-Si
substrate, respectively. The exact values of R and m are obtained from the numerical
solution, and the integral of R across the whole interface layer represents the total
interface recombination. This numerical method is more accurate than using the
empirical equation: S=w/2z.; (w 1s the c-Si bulk thickness, 7.41s the effective minority
carrier lifetime which can be measured), in which the c-Si bulk recombination is
assumed zero, and thus the surface recombination velocity is overestimated.

The surface recombination velocity is an important parameter for assessing the
surface passivation and the interface quality. The lower the surface recombination, the
better the whole device efficiency. For the world record HIT solar cell, this value is
smaller than 2 cm/s’.



S4. Parameters Used in the wxAMPS Simulation®8-10

Table S1. Material Electrical Parameters
c-Si AlAs GaAs GaP ZnS a-S.l
(baseline)
Thickness (um) 100 10 10 10 10 P, 31310
Band gap (eV) 1.12 2.168 1.42 2.26 3.68 1.72
Electron affinity (eV) 4.01 3.5 4.07 3.8 3.9 3.8
Dielectric constant 11.9 10.1 13.1 11.1 8.9 11.9
gg;cit“yvfcfr‘l’_?)ducm’“ band | ) gx1019 | 1.5x1019  4.4x107  1.9x10° 2.2x10'8 | 2.5x10%
dEglesft“nyC‘r’naé;n"e band 1.0x10" | 1.7x10  7.7x10'  12x10" 1.8x101 | 2.5x10%
Electron mobility (cm?/Vs) 1350 200 8500 110 100 1
Hole mobility (cm?/Vs) 450 100 400 75 25 0.1
. 19
Doping concentration p, n: p: n: n: n: g: ii}glg
(cm3) 3x105 3x101° 1x10%° 1x10"° 1x101° ) 0
Defect Parameters
p, n:
Gaussian density (cm™) 1x1015~2 x10'8 2 x10'8
i: 2 x106
Gaussian peak energy . . 1.22,
level, donor, acceptor (eV)? mid-gap, mid-gap 1.02
Standard deviation (eV) 0.23
Capture cross-section for 15 14
acceptor state, e,h (cm?) Ix10°, 1x10
Capture Cross-section for 14 s
donor state, e,h (cm?) Ix107, 1x10
izfltllg)tall density of states 1x10M 2%102!
Characteristic energy, CB, 0.01,
VB (eV)® 0.01 0.03,0.06
Capture cross-section for 1x10°17, i i
CBI: eh (cm?) 1x10°15 Ix10-7, 1x10°®
Capture Cross-section for 1x10°13, ) )
VBIj e,h (cm™) 1x10-17 Ix10°5, 1x10°7
Midgap density 1x10M
Switch-over energy 0.56
Capture cross-section for 1x10°17,
acceptor state, e,h (cm) 1x10°15
Capture Cross-section for 1x10°15,
donor state, e,h (cm?) 1x10-7

2 positive down from the conduction band

b: CB denotes conduction band tail, VB denotes valence band tail




Table S2. Interface Defect Parameters®

Total interface density of states, D;, (cm™?) 2.18x105~2.18x10"3
Thickness, Xy (um) 0.003

Band tail density of states (cm3) 1x10°
Characteristic energy, CB, VB ®(eV) 0.01, 0.01
Capture cross-section for CB, e,h (cm™?) 1x10°7, 1x10°15
Capture Cross-section for VB, e,h (cm™?) 1x10°15, 1x1017
Midgap density, G,,, (cm™) 6.5x10''~6.5x10"
Switch-over energy (eV) 0.56
Capture cross-section for acceptor state, e,h (cm?) 1x10°7, 1x10°13
Capture Cross-section for donor state, e,h (cm?) 1x10°15, 1x10°17

Note: other electrical parameters of the interface layer are the same as those of ¢c-Si
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