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Realization of a General Method for Extracting Specific
Contact Resistance of Silicon-Based Dopant-Free

Heterojunctions

Liyan Chen, Hao Lin,* Zhaolang Liu, Taojian Wu, Yicong Pang, Pingqi Gao,*

and Wenzhong Shen*

Specific contact resistance (pc) plays a significant role in determining the effi-
ciency of dopant-free heterojunction (DFH]) silicon solar cells. Existing methods
allow accurate measurement of pc only in the majority carrier collection region.
Herein, taking the heterojunctions of transition metal oxide/c-Si(n) as an
example, how to extract pc from the minority carrier (hole) collection region by
ingeniously using the expanded Cox and Strack method is demonstrated. On the
basis of technology computer-aided design and a double (diode -+ resistance)
equivalent circuit model, the improved method can separate the electron current
density and hole current density from each other and thus the corresponding pc
resistance for both polarities can be well determined. The effectiveness of the
improved method in precisely extracting the corresponding pc is further verified
by a series of experimental examples. A general method of unambiguously
extracting specific contact resistance in DFH] silicon solar cells is established.

1. Introduction

Recently, dopant-free heterojunction (DFH]) silicon solar cells
were intensively investigated due to the advantages of a simpli-
fied manufacturing process, reduced optical loss, and broadened
range on material selections. In DFH] silicon solar cells, effective
carrier separation behavior is achieved by forming well-matched
energy band structures in the carrier selective contacts (CSCs),
that is, selecting transporting materials with proper work
functions in comparison with the silicon base. Thin films of
transition metal oxides (TMOs) such as MoO,"™ and VO,
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metal oxides such as MgO,[ and
TiO,,”® and salts such as MgFZ[Q] and
LiF, %' have been proven to be excellent
functional layers for composing effective
CSCs. A high quality of CSC with good pas-
sivation and low contact resistance is pri-
mary to achieve high power conversion
of DFH]J solar cells, which is featured by
the low recombination current parameter
Joc and low specific contact resistance
21T getalow Jo.,"*! a passivation layer
is usually inserted between the transport-
ing materials and silicon, such as introduc-
ing a thin a-Si:H(i) film between MoO, and
c-Si(n) of DFHJ silicon solar cells.
However, this may drive the risk of pc
higher and then lead to lower fill factor
(FF) in the final DFHJ silicon solar
cells."' In fact, a rapid increase in the
value of p¢ ranging from 0.01 to 10 Q cm?* caused by the intro-
duction of the passivation layer can deteriorate the power conver-
sion efficiency of the DFHJ silicon solar cells from >25% to
<15%,'% even keeping the good passivation quality
(Joe=10""-10"" A cm™?) identical. Hence, precise measure-
ment of pc, especially for the case of interfacial passivation layers
involved, becomes a key point in pre-evaluating the efficiency of
DFH]J silicon solar cells.

Cox and Strack method (CSM)™®*”! and transfer length method
(TLM)!"**) are commonly used to extract pc of the ohmic contact.
The majority carrier collection region (e.g., the electron transport
region with n-type silicon substrate) of DFH]J silicon solar cells is
usually an ohmic contact, which is reflected by the linearity of the
corresponding dark current—voltage (I—V) curve. Therefore, pc
can be accurately extracted using the above two methods. In con-
trast, the minority carrier collection region (e.g., the hole transport
region with n-type silicon substrate) is always a Schottky behavior
or a more complex carrier transport mechanism, embodied by a J-
shaped dark -V curve. Thus, the above two classic methods will
not be applicable to extract the specific contact resistance in the
minority carrier region. Combined with Cheung’s method*”
and traditional CSM, our group'*!! proposed an expanded CSM
to successfully extract pc from the minority carrier (hole) collecting
region of MoO,/c-Si(n) heterojunction for the first time. However,
the expanded CSM also has limitation of only providing a method
to extract pc in the ideal case, where fabrication condition for
TMO/c-Si(n) heterojunction should be well controlled. In practical
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applications, such as air exposure, overtemperature during the fab-
rication process, existing passivation layers,*'!! etc, the
above-expanded CSM will encounter a big problem in analyzing
the dark I—V curve and extract pc. Precisely extracting the corre-
sponding specific contact resistance in the general cases not only
shortens the process cycle time by establishing a bridge between
heterojunction transport characteristics and experimental observa-
tions but also plays a key role in accurate testing and evaluation of
DFH]J silicon solar cells performance.

In this article, a more applicable method is proposed to
broaden the applicability of the expanded CSM!*" for extracting
pc from the minority carrier (hole) collection region of
TMO/c-Si(n) heterojunctions. This improved method focuses
on dividing the total current density into electron current density
(Jn) and hole current density (Jp) to separate the corresponding
resistance encountered in the carrier (holes/electrons) transport,
which is achieved using technology computer-aided design
(TCAD) and an equivalent circuit of the double-diode model.
Moreover, we demonstrate the rationality of separating the car-
rier current density to extract pc by fitting the equivalent circuit
to more practical examples in experiments, which include the
variation of air exposure time during the fabrication of the
TMO/c-Si(n) heterojunction and the introduction of a passiv-
ation layer in the TMO/c-Si(n) heterojunction.

www.solar-rrl.com

2. Results and Discussion

2.1. Using the Expanded CSM to Extract Specific Contact
Resistance

Figure 1a shows the schematic of Ag/MoO,/a-Si:H(i) (with or
without)/c-Si(n) device fabricated by lithography method. It is
noticed that the reason why we use the isolation layer is mainly
to reduce edge recombination and prevent the Ag film from
directly contacting with c¢-Si(n) at the edge. This is critical for
the extraction of specific contact resistance pc, because these
factors will affect the current in the middle—high voltage region
of the dark I-V curve, which interferes with the accuracy of
extracting pc.[*?! Figure 1b provides a schematic of the corre-
sponding current flow for this model. From Figure 1b, the total
resistance Ry is composed of the contact resistance Rc, the
spreading resistance Rs, and the residual resistance Ry, which
can be described by

Rr=Rc+Rs+ R 1)
where the residual resistance Ry is a constant value independent

of the top electrode diameter and the spreading resistance Rg is
proved to be a negligible value (the proof will be given in
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Figure 1. a) Schematic devices of CSM with the configuration of Ag/MoO,/a-Si:H (i) (with or without)/c-Si(n). b) Corresponding 2D cross-sectional
current flow lines and equivalent circuit diagrams for (a). c—h) Processes for extracting specific contact resistance of Ag/MoO,/c-Si(n) structure
(c—e) and Ag/MoO,/a-Si:H(i)/c-Si(n) structure (f—h), where there are dark [—V characteristic curves (c,f), plots of dV/d(Inl) versus I (d, g), Rr—Rs
versus 1/S, and as well as the corresponding linear fit plots (e,h), respectively.
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Figure S1, Supporting Information).The contact resistance Rc is
related to the top electrode diameter, which is defined as!'®
Pc

Re=7p /4 @)

where d is the diameter of the circular electrode and pc¢ is the
specific contact resistance. Here, R¢ includes not only the contact
resistance of the heterojunction interface, but also the bulk resis-
tance of TMO and metal electrode. If the passivation layer a-Si:
H(i) is inserted, the bulk resistance of a-Si:H(i) will also be
included.

For general Schottky contact, we use the expanded CSM! to
extract pc. The value of Ry is obtained using Cheung’s method*”!
and then brought into the traditional CSM to extract pc. The
equation for obtaining Ry is

dv nkT

Ay Rl

G)
where Vis the voltage applied to the test sample, I is the current
flowing through the test sample, n is the ideal factor (a constant
value), g is the unit charge, k is the Boltzmann constant, and T'is
the absolute temperature. Figure 1c—e illustrates the process of
extracting pc from MoO,/c-Si(n) heterojunction using the
expanded CSM. The gray arrows indicate the increase in elec-
trode area with the diameters. The diameters of the electrodes
used in the experiments were 0.06, 0.08, 0.10, 0.12, 0.16, 0.18,
0.20, and 0.24 cm, respectively. Here, MoO, film and Ag film
are grown continuously by thermal evaporation without air expo-
sure. The total resistance Ry can be calculated by Equation (3)
using the slope of dV/d(InI) versus I, as shown in Figure 1d.
Subsequently, the calculated Ry value is brought into the tradi-
tional CSM. The detailed procedure is as follows:
r= Rr — Rs = Rc + Ry can be obtained from Equation (1). The
spreading resistance Rs can be proved to be negligible (the proof
is given in Figure S1, Supporting Information), so that
r~ Rr= Rc+ Ro. As Ry is mainly a constant (independent of
the front electrode area) and Rc is proportional to 1/S by
Equation (2), r satisfies a linear relationship with 1/S.
Therefore, a linear curve of r versus 1/S (S=rd’/4) is fit in
Figure le. For distinction, r in the MoO,/c-Si(n) heterojunction
is marked as ry (Figure 1d), and the corresponding specific con-
tact resistance pco = 0.027 Q cm?.

Figure 1f~h shows the process of extracting MoO,,/a-Si:H (i) /c-
Si(n) heterojunction’s specific contact resistance using the
expanded CSM. After inserting a 4 nm-thick passivation layer
a-Si:H(i), the dark I-V and the dV/d(InI)—I curves are not
exactly the same as those of the MoO,/c-Si(n) heterojunction.
In Figure 1g, dV/d(Inl)—I characteristics exhibit a steep peak
and are linear only in certain voltage intervals. We can yield
the values of Ry in each of the two linear intervals. Therefore,
we have r; = Rc; + Ro1 and r, = R, + Rop, which correspond
to the specific contact resistance pc;=0.256Q cm? and
pcz=0.012Q cm?, as shown in Figure 1h. The value of the spe-
cific contact resistance for a heterojunction should be a unique
and certain value, so, it indicates that the expanded CSM method
has some limitations in its application. In fact, the reason for the
occurrence of two specific contact resistances pc; and pc; in the
MoO,/a-Si:H(i)/c-Si(n) heterojunction requires analyzing the
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physical mechanism behind them, which is a critical issue to
extract specific contact resistance in the minority carrier collec-
tion region of DFH] solar cells. This will be deeply discussed in
the following sections.

2.2. Separation of Hole Carrier Current Density (Jp) and
Electron Carrier Current Density (/)

As discussed in Figure 1, it is not a general Schottky contact
behavior after inserting an a-Si:H(i) film at the interface of
MoO,/c-Si(n) heterojunction, signifying a more complex carrier
transport mechanism.?>?°! Here, we choose the TCAD from a
variety of simulation methods to simulate two cases of Ag/
MoO,/a-Si:H(i) (with or without)/c-Si(n) structures, aiming to
analyze the carrier transport mechanism of the heterojunction.
The main simulation parameters are listed in Table 1. Figure 2a,
b shows the energy band diagrams of DFH] solar cells without
and with the a-Si:H (i) film under equilibrium in the dark, respec-
tively. The solar cell features n-type c-Si as substrate with MoO,,
as the hole selective layer. Dividing the n-type silicon substrate
into the inversion layer and bulk silicon region, it can be obtained
that the band bending ¢“ ' in the inversion layer of c-Si(n) is
0.94 and 0.87 eV in Figure 2a,b. For simplicity, the rear side
of the solar cell is ideal for ohmic contact (not shown). As we
know, different physical transport mechanisms need to be set
up to analyze the transport of carriers. There are mainly three
transport paths: 1) thermionic emission, which is applied to het-
erojunction interfaces®®; 2) band-to-band tunneling, which
describes the direct tunneling of carriers?®”?®; and 3) trap-
assisted tunneling, where carriers tunnel through trap states
in the MoO, bandgap.”>*” The barrier heights of different

Table 1. Main input parameters for the TCAD simulation in Figure 2.

Material Parameter Value
c-Si(n) Thickness 150 pm
Electron affinity 4.05eV
Bandgap 1.12eV
e-, h-tunneling masses 0.1
Doping density 2x10%cm™?
a-SiH (i) Thickness 4nm
Electron affinity 3.9eV
Bandgap 1.78 eV
e-, h-tunneling masses 0.1
MoO, Thickness 10nm
Electron affinity 5.6eV
e-, h-tunneling masses 0.2
Doping density 1x10%2cm?
Bandgap 3.0ev

1x10ecm3ev!

(Uniform density

Trap concentration

within the bandgap)

Trap capture cross section 1% 1072 ¢cm?

(eXSection, hXSection)

Trap volume 1% 108 um?
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Figure 2. a—b) Simulated band diagram of the DFH]) solar cells with MoO,-based front contact under equilibrium for the dark condition: a) without a-Si:
H (i) film and b) with a-Si:H(i) film. c—f) Processes for extracting bias voltage distribution and total current density (Jror) separation of MoO,/c-Si(n)
heterojunction and MoO,/a-Si:H (i) /c-Si(n) heterojunction: ¢,d) the separation of hole carrier current (Jp) and electron carrier current (J) (and e,f)bias
voltage drops on different regions. The numbers in (a,b) represent the following physical transport mechanisms: 1) thermionic emission, 2) band-to-band
tunneling, and 3) trap-assisted tunneling. Orange (green) arrows symbolize the main carrier movement of electrons (holes).

junctions associated with carrier transport can be obtained from
the electron affinity and bandgap in Table 1. The electron barrier
height of MoO,/c-Si(n) is 1.55 eV in Figure 2a, and the electron
barrier heights of MoO,/a-Si:H(i) and a-Si:H(i)/c-Si(n) in
Figure 2b are 1.70 and 0.15 eV, respectively. For the hole trans-
port, the hole barrier height for a-Si:H(i)/c-Si(n) in Figure 2b is
0.43 eV. Also, for the barrier of hole tunneling, MoO,/c-Si(n) in
Figure 2a and MoO,/a-Si:H(i) in Figure 2b are 0.43 and 0.08 eV,
respectively. After the physical models have been established, the
bias voltage distribution and current separation of the MoO,;/c-
Si(n) heterojunction and MoO,/a-Si:H(i)/c-Si(n) heterojunction
are obtained, as shown in Figure 2c—f. It can be observed in
Figure 2c that the transport current density is dominated by
the hole current density (Jp) throughout the entire bias voltage
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interval for the MoO,/c-Si(n) heterojunction. In contrast, for the
MoO,/a-Si:H(i)/c-Si(n) heterojunction (Figure 2d), the dominant
current density is Jp in the low—middle bias voltage interval
(region I and region II), but as the bias voltage continues to
increase, the electron current density (Jx) plays a leading role
(region III).

The behavior of Jy and Jp is clearly different in the above two
cases, so the distribution of bias voltage in different layers is used
to explain the reason. Here, by taking the energy band diagram of
the equilibrium state as a reference, the relative changes of dif-
ferent regions with bias voltage can be calculated; thus, the voltage
drop in different regions can be obtained. For the MoO,/c-Si(n)
heterojunction, it can be seen from Figure 2e that the entire bias
voltage is applied to the c-Si(n) layer at low bias voltage interval
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(region I). However, at high bias voltage interval (region II), the
carrier transport is mainly affected by the series resistance (Ro)
of the DFH]J solar cell (including the rear contact resistance of
the heterojunction and the rear metal resistance, etc.), so the bias
voltage mainly drops on Ry*" with Jy and Jp beginning to increase
from exponential to linear. As for the MoO,/a-Si:H(i)/c-Si(n)
heterojunction, Figure 2f shows the bias voltage dropping on
the c-Si(n) region at low bias voltage interval (region I), making
Jn and Jp increase exponentially. It can be seen from
Figure S2, Supporting Information, that the voltage at this point
mainly lands on the inversion layer of c-Si(n) layer (i.e., the deple-
tion region near the heterojunction). Nevertheless, the bias voltage
begins to drop on a-Si:H(i) at middle bias voltage interval (region
1I), where Jp begins to increase from exponential to linear and Jy
still maintains an exponential growth tendency. At higher-bias
voltage intervals (region III), Ry becomes the major role in block-
ing carrier transport, where Jy also starts to increase from expo-
nential to linear but becomes the dominant current density. The
corresponding energy band diagram analysis is shown in
Figure S2, Supporting Information. Figure 2f shows the bias volt-
age drops on the inversion layer of ¢-Si(n) layer (i.e., the depletion
region near the heterojunction) at low bias voltage interval (region
I), which reduces the barrier height of the ¢-Si(n) inversion layer.

From the above simulation, we understand that the total cur-
rent density (Jror) across the heterojunction interface consists of
Jp and Jy, and they are usually separated during the whole bias
voltage. For the heterojunction without passivation layer, as Jy is
always covered by Jp, Jp >> Jy; therefore, Jror basically overlaps
with Jp and it only shows the hole resistance encountered by
holes, which corresponds to the single specific contact resistance

www.solar-rrl.com

value shown in Figure le. However, for the heterojunction with
passivation layer, at low bias voltage interval, it is obvious that Jp,
which is several (2—5) orders larger than Jy, contributes to the
main current density. With further increase in the bias voltage,
the growth of Jp decreases quickly due to appearance of hole
resistance, while Jy still maintains exponential growth, making
Jn gradually become the dominant current density. Hence, the
electron current density and the corresponding electron resis-
tance are mainly reflected at the high bias voltage. Hence, the
dark J—V curve will reflect the hole resistance and electron resis-
tance, respectively, because Jy and Jp play dominant roles in dif-
ferent voltage intervals, which correspond to the two specific
contact resistances shown in Figure 1h.

2.3. An Equivalent Circuit of the Double-Diode Model

The TCAD tool applied in the Section 2.2 can accurately model
carrier transport at heterojunction interfaces, but there are too
many physical parameters that need to be input to describe
the main properties of the heterojunction'®® and fit the dark
J—V curves in the experiment. Thus, we propose an equivalent
circuit to simplify the above model of heterojunction. Figure 3a
illustrates the circuit diagram of a single diode + series resis-
tance model, which provides a foundation for the equivalent cir-
cuit of the heterojunction with passivation layer. Generally, the
circuit can be used to represent a basic p—n junction®” or a
selective transport region dominated by one certain kind of car-
rier current density (Jp or Jy), such as the MoO,/c-Si(n) hetero-
junction dominated by Jp throughout the whole bias voltage
interval (0—1.5 V) in Figure 2c. However, the circuit is obviously
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Figure 3. a) Circuit diagram and b) J—V curve of the diode + series resistance model. c) Circuit diagram and d) J—V curve of the double (diode +
resistance)-diode model. The corresponding J—V curves can be obtained by using the parameters shown in (b) and (d).
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not available for the case with passivation layer, where Jp and Jy
play dominant roles, respectively, depending on different bias
voltage intervals, as shown in Figure 2d. Nevertheless, if only
the single behavior of Jy (or Jp) in Figure 2c,d is observed, it
nearly satisfies the corresponding J—V curve in Figure 3b.
Inspired by this, we propose a double (diode + resistance)-diode
model as the equivalent circuit diagram for the heterojunction
with passivation layer, which is shown in Figure 3c. The equiva-
lent circuit consists of two parallel branches: the diode Dy in
series with the electron resistance Ry and the diode Dy in series
with the hole resistance Rp. So, the total current density in the
equivalent circuit is divided into Jp and Jy, which allows a more
intuitive description of the different resistances encountered by
carriers (electrons/holes) at the heterojunction interfaces. Based
on Shockley’s ideal diode equation,”® the formulae of Jp and Jy
can be written as
_ 1)

_1>

where V refers to the total voltage of the equivalent circuit; Jop
and Joy represent the saturated hole and electron current density,

4(V—JpRp)
e kT

Jo =Jo( (4

a(V—/NRN)
kT

Jn=Jox (e 5

www.solar-rrl.com

respectively; and Rp and Ry denote the resistance encountered in
the transport of holes and electrons, respectively. Taking the
MoO,/a-Si:H(i)/c-Si(n) heterojunction as an example, the -V
curve obtained using the double-diode model in Figure 3d is con-
sistent with the J—V curve in Figure 2d derived from the TCAD.

2.4. Analysis of Dark /—V Curves in the Experiment Through
the Double-Diode Model

From the earlier discussion, we only give two extreme experi-
mental examples for Ag/MoO,/a-Si:H(i) (with or without)/c-
Si(n) structures, where the MoO,, films are not exposed to air
before deposition of Ag in the above two experiments. To better
cover the general situation in the experiment, we give more prac-
tical examples in Figure 4, which show the four cases of Ag/
MoO,/c-Si(n) structures after different treatments, including
MoO, film for Omin (i.e., without air exposure)/15min/2h
air exposure before depositing Ag and intercalation of a-Si:
H(i) between MoO, and c¢-Si(n). To observe the changes and facil-
itate the fitting with the equivalent circuit of the double-diode
model, dark J—V, m—V, and dV/d(In])—] characteristics are
shown in Figure 4a—-d, e-h, and i-l, respectively. Meanwhile,
marking points of A, B, C, and D are used to track the corre-
sponding positions of dV/d(InJ)—J and m—V curves in the dark
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Figure 4. a—d) Analysis of dark J—V curves, e—h) local ideality factor m—V curves, and i—l) dV/d(In/)—/ curves for four experimental conditions: (a,e,i)
Ag/MoO,/c-Si(n) structure (without air exposure), (b,f,j) Ag/MoO,/c-Si(n) structure (15 min air exposure of MoO, film before depositing Ag), (c,g,k) Ag/
MoO,/c-Si(n) structure (2 h air exposure of MoO, film before depositing Ag), and (d,h,) Ag/MoO,/a-Si:H (i)/c-Si(n) structure (without air exposure).
Marking points of A, B, C, and D are used to track the corresponding positions of m—V and dV/d(InJ)—J curves in the dark J—V curves.
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J—V characteristics. It should be noted that the effects of other
factors, such as Shockley—Read—Hall (SRH) recombination and
Auger recombination, are ignored here for simplicity, so the out-
put results cannot be fully fit with the experimental results, but
the overall trend is basically consistent. Actually, in the low-
voltage region, the current density is mainly affected by shunt
resistance.”>*? The effect of shunt resistance is difficult to elim-
inate in experiments, but the low-voltage region (<0.3 V) is not a
critical factor for extracting specific contact resistance. It is men-
tioned that the low-voltage region is not a critical factor for
extracting the specific contact resistance. Therefore, the I—V data
for the low-voltage region in Figure 4a—d are not shown. The
fitted parameters are shown in Table 2.

The purpose of changing the air exposure time of the MoO,,
film is that as the exposure time increases, the work function of
MoO, may decrease, as well as the bulk resistance of MoO,, and
the thickness of SiO, in the MoO,/c-Si(n) interface may
increase,** which will affect the carrier transport properties.
Comparing the first two experimental situations where the air
exposure time is 0 and 15 min, it can be observed that there
is no obvious difference in shape between the experimental dark
J—V curves of Figure 4a,b, but the corresponding m—V curves in
Figure 4e—f and dV/d(In])—] curve in Figure 4i-j are slightly
changed. More obviously, in the experiment in which the air
exposure time is increased to 2 h, the corresponding dark J—V
curve in Figure 4c, m—V curve in Figure 4g, and dV/d(In])—J
curve in Figure 4k are drastically changed. The main reason
for this change will be analyzed.

According to the definition of local ideality factor m!**! and
Equation (3), m can be expressed as

_ 4 dv *—qART(]—i— )+n 6

= kT |d(nyy| = kT et ©)

Here, the total current density is considered as the sum of Jp
and Jy, while Ry is the total resistance. When Jp >> Jy, then
J~Jp, so it can obtain

Jptn ()

g [ dV ] _qA(Re +Rs+Ry)
=T )] = kT

Table 2. Summary of the fitted parameters for the dark J—V results in
Figure 4.

Exp. Jon[Acm ™ Ry [Qcm?  Jop [Acm?]  Rp [ cm?]
Ag/MoO,/c-Si(n) 3.2e-15 0.20 9.0e-11 0.022
(without air exposure)

Ag/MoO,/c-Si(n) 6.4e-15 0.170 6.0e-11 0.120
(15 min air exposure

of MoO, film)

Ag/MoO,/c-Si(n) 2.5e-14 0.072 1.0e-10 1.264

(2 h air exposure

of MoO, film)

Ag/MoO,/a-Si:H(i)/c-Si(n) 3.2e-17 0.008 3.0e-10 0.290
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Similarly, the case when Jy >> Jp can be derived

g [ dV ]  qA(Ry+ Rs+Ry)
kT {d(ln ])} = kT Intm ®)

As for the experiment where the MoO, film is without air
exposure, the value of the local ideality factor m starts to increase
significantly at the voltage is 0.6V in Figure 4e. Combining
Equation (6) and the corresponding dark J—V curve in
Figure 4a, it can be concluded that when the voltage is below
0.6V, the m value shows a constant value of n. The reason is that
the values of Jp and Jy are quite small for voltage of below 0.6V,
and even though Jp and Jy grow rapidly, they still have less effect
on the m value. When Jp and Jy increase to a certain level, the
value of m will depend on the first term of Equation (6), which is
mainly related to the magnitude of Jp and Jy. Thus, above 0.6 V,
m depends on the value of Jp (Jp >> Jy). It should be noted that
the current density in Figure 4a is expressed in logarithmic coor-
dinates, so Jp changes from an exponential growth to linear
growth when the voltage crosses 0.6 V. The relative magnitude
of Jp growth slows down, but the values continue to increase.
Therefore, this leads to an increase in the value of m above
0.6 V due to the increase in Jp. Simultaneously, it can be found
that the A—B segment in Figure 4i is linear, so the corresponding
Rr is constant. Here, according to Eq.(7), Rr mainly reflects the
hole resistance Rp because Jp plays a dominant role in the cor-
responding dark J—V curve of Figure 4a. The extracted Rp is
independent of the electrode area, which is illustrated in
Figure S3 and S4, Supporting Information.

As the case of MoO, film is exposed to air for 2 h, as shown in
Figure 4g, the behavior of m around 0.6 V is similar to the con-
dition without air exposure. However, an inflection point occurs
where the voltage is 0.8—0.9V, indicating the exchange of the
main current density from Jp to Jy in Figure 4c. Moreover,
the corresponding dV/d(InJ)—J curve has two slope values, as
shown in Figure 4k. Combined with Equation (6) and the mark-
ing points (A, B, C, D), it is easy to judge that the slope of the
A—B segment represents the value of hole resistance Rp faced by
holes, while the slope of C—D segment is the value of electron
resistance Ry faced by electrons.

Similarly, with the introduction of the passivation layer, the
separation of Jp and Jy is more obvious in Figure 4d, and it grad-
ually shows steeper peaks in m—V (Figure 4h) and dV/d(In])—]
(Figure 4l) curves. The marking points of A, B, C, and D are also
used for tracking and it can be observed that the A—B segment
and the C—D segment in the dV/d(InJ)—J curve correspond to Rp
and Ry, which is the same as the case of 2 h exposure time of
MoO, film. This also explains the reason why the specific contact
resistance pc; and pg, are obtained by applying the expanded
CSM™Y in the case of MoO,/a-Si:H(i)/c-Si(n) heterojunction,
as shown in Figure 1h. In fact, the extraction of pc; corresponds
to the A—B segment, reflecting the specific contact resistance of
holes, while the extraction of pc, to the C—D segment related to
the specific contact resistance of electrons. As we all know, the
specific contact resistance of holes responds to the specific con-
tact resistance in the minority carrier (hole) region, and the out-
put current of DFH]J solar cells under illumination is mainly
from the collection of minority carriers in the minority carrier
collection region. At the same time, the location of the pick point
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is also near the maximum power point. Therefore, pc; corre-
sponding to the specific contact resistance of holes can well
reflect the specific contact resistance faced by the solar cell under
illumination.

Combining the above analysis and the expanded CSM, we can
achieve precisely the specific contact resistance in Figure 4 cor-
responding to the four cases of Ag/MoO,/c-Si(n) structure after
different treatments. For the case (Figure 4a) with no passivation
layer and MoO, film without air exposure, the same as the case of
Figure 1le, the extracted specific contact resistance is
0.027 Q-cm”. The corresponding specific contact resistance is
0.256Qcm” in the case of inserting the passivation layer
(Figure 4d and also Figure 1h). The other two experimental cases
(Figure 4b,c) of Ag/MoO,/c-Si(n) structure with MoO, film
exposed to air for 15min/2h have the corresponding specific
contact resistances of 0.121 Q-cm? and 1.124 Q-cm?, respectively.
In general, the equivalent circuit of the double-diode model can
more easily fit the dark J—V curves of DFH] under various exper-
imental conditions, which is realized by separating Jp and Jy to
extract the dV/d(InJ)—] curves in segments. Following the earlier
approach, the hole resistance Rp (A—B) faced by the holes and the
electron resistance Ry (C—D) faced by the electrons can be
extracted, which explain the reason for two specific contact resis-
tance values obtained from the expanded CSM and further show
the applicability of the proposed method.

3. Conclusion

In summary, we broadened the practical application of the
expanded CSM to extract specific contact resistance pc from
the minority carrier (hole) collection region of TMO/c-Si(n) het-
erojunctions. First, we reproduced the process of extracting pc of
MoO,/c-Si(n) heterojunction using the expanded CSM. It was
found that two contact resistance values of pc; = 0.256 Q cm?
and pc; = 0.012 Q cm? could be obtained in the case of introduc-
ing a-Si:H(i) passivation layer. Second, we used the TCAD to
divide the total current density into electron current density
Jx and hole current density Jp to separate the corresponding
resistance encountered in the carriers (holes/electrons) trans-
port and further proposed a double (diode + resistance) model
to simplify the physical model, which separates Jy and Jp in the
equivalent circuit. Third, we fit the equivalent circuit to the more
practical examples in the experiments, including insertion of a
passivation layer in the MoO,/c-Si(n) heterojunction and varia-
tion of air exposure time during the fabrication of the MoO,/c-
Si(n) heterojunction. By tracking the corresponding positions of
the dV/d(InJ)—J and m—V curves in the dark J—V characteris-
tics, we finally explained the reason for having two specific con-
tact resistances of the MoO,/a-Si:H(i)/c-Si(n) heterojunction
and derived that pc; = 0.256 Q-cm? is the actual specific contact
resistance of the heterojunction. Overall, by dividing the total
current density into Jp and Jy in the equivalent circuit, one
can not only explain the physical mechanism behind the
occurrence of two specific contact resistances using the
expanded CSM, but also realize a more applicable method of
unambiguously extracting contact resistance in DFH]J silicon
solar cells.
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4. Experimental Section

Device Fabrication and Characterization: Single-side polished n-type
(1-3 Qcm) silicon wafers with 250 pm thickness were selected as sub-
strates. First, the wafers were cleaned using the standard RCA process
and the oxide layer on the wafer surface was removed with treatment
of 4wt% HF. Second, a 4 nm-thick a-Si:H(i) film deposited by plasma-
enhanced chemical vapor deposition (PECVD) was inserted as the passiv-
ation layer if required. Third, an insulating layer (Al,Oj3 or SiN,) was depos-
ited on the front surface, where Al,O; (=15 nm) film and SiN, (=75 nm)
film were deposited by atomic layer deposited (ALD) and PECVD, respec-
tively. After spin coating the photoresist on the insulating layer, circular
patterns with different diameters were patterned by photolithography.
Subsequently, 4 wt% HF was used to remove the insulating layer under
these circular patterns. Fourth, through using thermal evaporation,
MoO,/Ag (10/200 nm) was deposited on the front side. Finally, InGa
or LiF/Al (0.5/400 nm) films were used on the rear c-Si(n) surface to form
an ohmic contact (for more fabrication details, see Figure S5, Supporting
Information). Finally, the dark I—V curves of the samples were measured
by a Keithley 4200 parameter analyzer.

TCAD Simulation: To understand the carrier transport of the DFH]
silicon solar cells with MoO,-based front contact and accurately extract
the specific contact resistance pc, we used TCAD for numerical simula-
tions. For simplicity, the rear side of the DFH| solar cells in the simulation
was set as ideally ohmic contact. In our simulation, the physical param-
eters of a-Si:H (i), ¢-Si(n), and MoO, were mainly derived from other stud-
ies?#2>36-38] and the main simulation parameters are shown in Table 1.
To compare the impact of the passivation layer a-Si:H(i) on the carrier
collection mechanism of DFHJ solar cells, we modeled two cases of
Ag/MoO,/a-Si:H(i) (with or without)/c-Si(n) structures.

Equivalent Circuit Fitting: A double (diode + resistance) equivalent cir-
cuit model was proposed to describe the heterojunction for further sim-
plifying the physical model. We gave more practical examples to better
cover the general situations in the experiments, which included insertion
of a-Si:H (i) passivation layer in MoO,/c-Si(n) heterojunction and air expo-
sure during the fabrication of MoO,/c-Si(n) heterojunction. The fitting of
the experimental curves was accomplished by extracting the hole and elec-
tron resistances through the expanded CSM and then brought into the
equivalent circuit to fit the other parameters, which are given in Table 2.
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