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Abstract

This study proposes a hybrid solar cell structure for a highly efficient silicon solar cell

obtained by combining two passivating contact structures, namely, a heterojunction

and polysilicon passivating contact. Given that the major cause of the loss in effi-

ciency of crystalline silicon solar cells is carrier recombination at the metal‐semicon-

ductor junction, a passivating contact having high‐quality passivation and a low

contact resistance was introduced. In this study, two major passivating contact solar

cells were combined. By applying an intrinsic thin amorphous silicon layer at the front

and a tunneling oxide at the rear, a hybrid silicon solar cell with an efficiency of 21.8%

was fabricated. Moreover, to evaluate the potential efficiency limit and to suggest

methods for improving the cell performance of the proposed amorphous silicon emit-

ter tunnel oxide back contact structure, the cell efficiency was simulated, and the

result indicated that an efficiency of 26% could be achieved by controlling the thick-

ness and resistivity of the wafer.
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1 | INTRODUCTION

A solar cell comprises a light‐absorbing semiconductor and two selective

contacts that extract holes on one side and electrons on the other side.

A major cause of the loss in the efficiency of solar cells is the carrier

recombination induced by defects at the metal‐semiconductor interface.
wileyonlinelibra
To reduce the recombination losses and increase the efficiency,

a passivation layer can be inserted between the metal and the

semiconductor. The passivating structure between the metal and the

semiconductor is referred to as the passivating (or passivated) contact,

and it provides high‐quality passivation above an open‐circuit voltage

(VOC) of 700 mV, in addition to a low contact resistivity over the

full area.1-8 The required conditions for passivating contacts are as

follows: (a) the contact resistivity (ρcontact) should be low, and (b) the
Prog Photovolt Res Appl. 2019;1104–1114.ry.com/journal/pip
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recombination current density of the contacts (JO, contact) should be

prevented by the high‐quality passivation of the interface. Given

that other recombination pathways are reduced, these two contact

parameters have a significant influence on the efficiency of solar cells.

The most commonly known example of a solar cell with a

passivating contact is the heterojunction solar cell with an intrinsic thin

film (HIT), which achieved an impressive VOC of 750 mV and maximum

efficiency of 26.7% with an interdigitated back contact (IBC)

structure9,10 and 24.7% with both contact structures.11 The high VOC

was attributed to the excellent surface passivation of the thin intrinsic

amorphous silicon layer. However, the heterojunction solar cell requires a

low‐temperature process below 250°C and therefore necessitates

dedicated low‐temperature processes such as transparent conductive

oxide deposition and metallization using a low‐temperature firing

paste.12-16 Management of the overall process temperature is necessary

to obtain outstanding HIT solar cells performance.

Compared with a silicon heterojunction (SHJ) solar cell, a passivating

contact composed of a doped polysilicon layer and thin silicon oxide is

a promising method for the realization of high‐efficiency passivating

contact solar cells. The poly‐Si/SiOx passivating contact is

categorized according to the method used to form the polysilicon layer:

(a) a crystallized amorphous silicon layer referred to as a tunnel oxide

passivated contact (TOPCon),5,17 (b) an in situ poly‐crystallized silicon

layer referred to as semi‐insulating polycrystalline silicon (SIPOS),18,19

or polysilicon on oxide (POLO).6,20-23 Recently, Fraunhofer ISE reported

a TOPCon cell with an efficiency of 25.7%,24 which was based on the

combination of a boron‐diffused front structure and a tunnel oxide

passivating contact at the rear, which is the highest efficiency of c‐Si solar

cells contacted on both sides. The highest efficiency using a poly‐Si/SiOx

passivating contact is 26.1% with a back contact POLO structure, which

was reported by Institute for Solar Energy Research (ISFH, Hamelin,

Germany).23

However, theTOPCon and POLO processes include photolithogra-

phy, liftoff, and evaporation, which makes commercialization difficult

because of increased production cost and complex fabrication process.

Moreover, the front emitter diffusion process using BBr3 diffusion or

boron implantation should be suitably controlled, which is also diffi-

cult. For the realization of highly efficient n‐type silicon solar cells,

the front boron emitter presents several challenges. First, metallization

for achieving low contact resistivity for the boron emitter is difficult

because the conventional Ag paste cannot be used, and Ag‐Al paste

induces high recombination current density for the boron emitter con-

tact.25-28 Fraunhofer ISE also used the Ti/Pd/Ag evaporation method

employing photolithography for the front contact.29 Second, it is diffi-

cult to control the boron doping profile for low recombination current

density, and a number of research studies have shown that this is a

barrier for the industrialization of n‐type silicon solar cells.30,31 In addi-

tion, although IBC solar cells have reached a record efficiency of over

26%, the process flow is complicated and uses ion implantation and

the photolithography method to realize the pattern at the rear side,

which is challenging for commercialization.23,32 Using both contact

structures for achieving high efficiency offers the advantages of low

fabrication cost and fewer process steps compared with IBC cells. To
increase the possibility of the commercialization of the passivating

contact, a hybrid solar cell that combines both POLO and SHJ solar

cells is proposed, which allows for the realization of a low‐cost, high‐

efficiency structure. This structure is referred to as the amorphous sil-

icon emitter and tunnel oxide back contact hybrid cell. The first hybrid

cell fabricated using a combination of SHJ and poly‐Si passivated con-

tact was published by Limodio et al. However, their procedure was dif-

ferent from ours in the following ways: (a) Limodio et al used float

zone (FZ) silicon wafer and complicated fabrication steps including

ion implantation and photolithography, which still means that this

method would have limited commercial application. (b) The hybrid cell

of Limodio et al consists of a rear emitter with SiOx/p + poly‐Si and

front back‐surface field (BSF) with i‐a‐Si/n + a‐Si:H33 while our hybrid

cell consists of a front emitter with i‐a‐Si:H/p + a‐Si:H and a rear BSFwith

SiOx/n + poly‐Si contact. Thus, we suggest a new hybrid cell structure

that is more commercially viable with a fabrication method that has one

step less and without using the boron implantation method.

The motivations of our research regarding the hybrid cell are (a) to

suggest the possibility of a new hybrid silicon solar cell structure, with

simulation results showing the efficiency that can be achieved using

the hybrid cell, (b) to suggest a new structure that can be used in the

industry, and (c) to utilize the gettering effect by employing a hybrid

cell structure that combines the high‐ and low‐temperature pro-

cesses,7 which is the advantage of using our hybrid cell structure com-

pared with the SHJ cell.

Further, our research on the hybrid cell aims (a) to show a method

for improving the cell efficiency in the hybrid structure, (b) at a realiza-

tion of greater than 21% efficiency using the hybrid cell structure, (c)

to conduct detailed studies on both high‐quality passivating contacts,

that is, heterojunctions and poly‐Si/SiOx contacts, which are in the

mainstream of recent photovoltaic (PV) research, (d) to describe the

fabrication method for the hybrid cell with a detailed experimental

procedure, and (e) to suggest the way to improve the efficiency of

the hybrid cell.

In this study, a hybrid cell with a poly‐Si passivating contact on the

rear side and a heterojunction structure on the front side was realized

using a hydrogenated amorphous silicon (a‐Si:H) emitter. For the rear

structure, the passivation quality of the poly‐Si contact was improved

using two different doping methods, to obtain n + poly‐Si: POCl3‐dif-

fused poly‐Si and in situ P‐doped poly‐Si. To investigate the cause of

the improved passivation, the grain size and doping profile of the

poly‐Si passivating contact were analyzed. At the front side, two types

of emitter layers were used, namely, p‐type a‐Si:H and p‐type micro-

crystalline silicon oxide (μc‐SiO:H). It is common knowledge that the

main limitation to the efficiency of the SHJ cell type is due to parasitic

absorption in the a‐Si:H layer and transparent conducting oxide

layer.34,35 Hydrogenated microcrystalline silicon oxide (μc‐SiO:H) has

been applied as an emitter material in SHJ solar cells due to its lower

optical absorption coefficients and better electrical properties when

compared with a‐Si:H.36-38 Moreover, μc‐SiO:H was employed to

reduce the parasitic absorption in the doped a‐Si layer of the hybrid

cells. The hybrid cells were then fabricated, and their performance

was evaluated.
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2 | EXPERIMENTAL DETAILS

In this study, hybrid solar cells with a designated area of 10.24 cm2

(3.2 cm × 3.2 cm) were fabricated on commercially available (100)‐ori-

ented n‐type Cz wafers with thicknesses of 200 μm, and resistivities

ranging from 1 to 2 Ω·cm. Given that the front side, which contains

amorphous silicon, limits the process temperature; the manufacturing

process of the hybrid cell proceeds from the rear side process, which

involves high‐temperature annealing. A schematic of the hybrid cell

structure and a flowchart of the overall process are presented in

Figure 1.

First, the rear structure was fabricated by the deposition of a thin

silicon oxide layer on both sides of the wafers via oxidation using an

H2O2 solution.39 After the deposition of the oxide, 300‐nm‐thick

polysilicon layers (poly‐Si) were deposited on both sides via low‐pres-

sure chemical vapor deposition. In this step, two different types of

poly‐Si were used, namely, intrinsic (i‐poly‐Si) and in situ P‐doped

polysilicon (in situ P‐doped poly‐Si). In addition, POCl3 diffusion was

used to dope i‐poly‐Si and form an n + poly‐Si/SiOx structure. This

sample is referred to as POCl3‐doped poly‐Si. When carrying out

POCl3 diffusion, the annealing temperature and time at the drive‐in

step were controlled from 800°C to 950°C and from 10 to 60 minutes,

respectively. The fixed predeposition step with POCl3 and O2 gas mix-

ture was conducted at 740°C for 20 min. For the in situ P‐doped poly‐

Si, only annealing in an N2 atmosphere was carried out, without the

predeposition step. The annealing temperature and time spent in the
FIGURE 1 (A) Experimental procedure for fabrication of hybrid solar
cell and (B) the final cell structure after the fabrication process [Colour
figure can be viewed at wileyonlinelibrary.com]
N2 atmosphere were changed from 800°C to 950°C and from 10 to

60 minutes, respectively. After annealing, the samples were further

passivated via a hydrogenation process by the deposition of silicon

nitride (SiNx) and aluminum oxide (Al2O3), using plasma‐enhanced

chemical vapor deposition (PECVD) and atomic layer deposition,

respectively, with additional annealing via a rapid thermal process at

600°C for 15 min. The SiNx/Al2O3 stack layers were removed by

immersion in hydrofluoric acid (HF) after the hydrogenation. For the

evaluation of the rear structure, the lifetime, sheet resistance, doping

concentration profile, and grain‐size map were obtained using quasi–

steady‐state photoconductance (Sinton WCT‐100), the four‐point

probe (FPP) method (AIT CMT‐100S), secondary ion mass spectros-

copy (SIMS, Cameca IMS 4FE7), and high‐resolution electron backscat-

ter diffraction (EBSD) (Bruker) mapping, respectively, using an

ultrahigh analytical field emission scanning electron microscope

(SEM, Hitachi S‐4800). Because silicon oxide formation and the

polysilicon deposition process constitute a two‐sided process, the

sample is sandwich structured (ie, it has the structure of poly‐Si/

SiOx/c‐Si/SiOx/poly‐Si). Thus, to form the emitter, the front poly‐Si/

SiOx layers and random pyramid texturing on the front surface are

required. Before the etching of the poly‐Si/SiOx layers, we deposited

a SiNx barrier layer on the back surface using PECVD. Following the

SiNx deposition, the n + poly‐Si layer was etched by TMAH solution

and the SiOx layer was etched by dipping it in diluted HF solution.

After removing the front poly‐Si/SiOx layers, a random pyramid tex-

ture was formed on the front surface using KOH solution.

After the front texturing, the amorphous layers were deposited in a

multichamber PECVD system. A radiofrequency (RF) of 13.56 MHz

was used for the p‐type a‐Si:H and p‐type μc‐SiO:H. In addition, a very

high RF of 60 MHz was used for the intrinsic a‐Si:H. Prior to the depo-

sition, n‐type wafers were immersed in HF immediately before loading

into the multichamber PECVD system. The intrinsic a‐Si:H and p‐type

a‐Si:H layers were deposited on the front side of the wafer at 200°C

using separate chambers. The thickness of the intrinsic a‐Si:H layer

was 7 nm, and that of the p‐type a‐Si:H layer was 10 nm. The gases

commonly used for the deposition of intrinsic and p‐type a‐Si:H, silane

(SiH4), and hydrogen gases were employed. For p‐type μc‐SiOx:H, an

RF power density of 2.8 mW/cm2, working pressure of 1.5 Torr, and

electrode separation of 2.0 cm were used for a thickness of 35 nm

at a deposition temperature of 100°C. For the deposition of μc‐SiOx:

H, SiH4, H2, carbon dioxide (CO2), and diborane (B2H6) gases were

used at gas flow rates of 5 sccm (SiH4), 0.003(+0.297) − 0.005

(+0.0495) sccm (B2H6(+H2)), 5 sccm (CO2), and 900 sccm (H2).

Although the CO2 ratio according to the crystallinity of the layer is

already reported, for fine tuning process, we varied the B2H6 (99%,

diluted with hydrogen) flow rate from 2.0 to 0.3 sccm, which is one

of the methods for the enhancement of the layer crystallinity.40,41

With an increase in the crystallinity, there was an increase in the opti-

cal gap, and the electrical conductivity was improved. After the depo-

sition of the p‐type Si layer, an indium tin oxide (ITO) film was

deposited at the front via RF sputtering at 200°C with a thickness of

80 nm using an ITO target (99.999% purity) composed of 90‐wt%

In2O3 and 10‐wt% SnO2. Finally, the hybrid cell was completed via

http://wileyonlinelibrary.com


FIGURE 2 (A) Effective lifetime and (B) sheet resistance of in situ
P‐doped poly‐Si and POCl3‐doped poly‐Si (the lifetimes were
determined using quasi–steady‐state photoconductivity [QSSPC] at an
intensity of 1 sun) [Colour figure can be viewed at wileyonlinelibrary.
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metallization by employing a silver metal grid with screen printing on

the front side, and a full‐area silver grid on the rear side using thermal

evaporation. For the characterization of the front structure, the opto-

electronic properties of the films were evaluated. Spectroscopic

ellipsometry (SE, VASE, J. A. Woollam, 240 nm < λ < 1700 nm) was

used to determine the thickness, refractive index, absorption coeffi-

cient, and optical bandgap at an angle of incidence of 65°, within the

spectral range from 240 to 1700 nm. A Raman system (Dongwoo

Optron) with a 514.5‐nm Ar+ ion laser line was used to estimate the

microcrystalline phase fraction from multiple peaks with a‐Si state,

μc‐Si grain boundary state, and c‐Si state using peak positions of

approximately 480, 500, and 520 cm−1 from the Raman transverse

optical (TO) modes.42,43 The crystallinity of the films, ie, the crystalline

volume fraction, was estimated from the integration of the peaks at

480 cm−1 (I480), 500 cm−1 (I500), and 520 cm−1 (I520) using Equation (1)

Xc ¼ I520 þ I500ð Þ= I520 þ I500 þ I480ð Þ: (1)

The conductivity of the films was measured at a thickness of 50 nm

using a programmable Keithley 617 electrometer. The activation

energy (Ea) was determined from the temperature‐dependent dark

conductivity σd (T) using the Arrhenius relationship44:

σd Tð Þ ¼ σo exp −Ea=kTð Þ; (2)

where σo is the conductivity prefactor, T is the absolute temperature,

and k is the Boltzmann's constant. Furthermore, the surface passiv-

ation quality was determined using a Sinton WCT‐120 lifetime tester.

Here, the implied open‐circuit voltage (iVOC) at 1 sun was used as a

factor to evaluate the surface passivation quality. The hybrid cells

were characterized by obtaining current density–voltage curves under

AM 1.5 illumination with a light intensity of 100 mW/cm2 at 25°C. The

quantum efficiency (QE) of the hybrid cells was determined using an

external QE (EQE) and internal QE (IQE) system (PV measurement

Inc., QEX7).

com]
3 | RESULTS AND DISCUSSION

3.1 | Rear structure

To improve the passivation and contact quality, the annealing temper-

ature and time were varied. The experimental results are presented in

Figure 2. The increase in the annealing temperature improved the life-

time. In particular, the lifetime of POCl3‐doped poly‐Si increased from

327 to 1057 μs, and that of in situ P‐doped poly‐Si increased from 385

to 1246 μs. The increase in the lifetime and passivation quality due to

high‐temperature annealing may be because of the improved passiv-

ation quality of the interfacial oxide, given that the density of the

interface defect of the oxide layer decreases in accordance with an

increase in the annealing temperature.45 Another possible cause of

the increased lifetime is the grain‐size growth, given that the grain

boundary area induces recombination.46,47 An increase in the anneal-

ing time and temperature may result in a gettering effect,7 given that
impurity defects are gettered at the poly‐Si layer. In addition, increas-

ing the annealing temperature affected the sheet resistance, as shown

in Figure 2B, which means that the increased lifetime can also be

affected by a change of the doping concentration profile, because

the doping concentration at poly‐Si and c‐Si determines the tunneling

current and carrier selectivity.48 However, upon a further increase in

the annealing time, the lifetimes of both POCl3‐doped poly‐Si and in

situ P‐doped poly‐Si decreased. Thus, in this study, the factors respon-

sible for changes in the passivation quality with respect to the anneal-

ing temperature, time, and doping method were analyzed using SIMS,

to obtain the doping profile; and EBSD was used for grain‐size

analysis.

Figure 3 presents the SIMS measurement results for the doping

concentration profile of phosphorus and the intensity of oxygen along

the depth direction. As shown in Figure 3, the in‐diffusion of phospho-

rus increased in accordance with an increase in the annealing time for

both poly‐Si passivating contacts. This indicates that the deterioration

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


FIGURE 3 Phosphorus doping concentration and oxygen intensity
profile with respect to the depth obtained via secondary ion mass
spectroscopy (SIMS) [Colour figure can be viewed at
wileyonlinelibrary.com]
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of the lifetime could be due to the phosphorus in‐diffusion into sub-

strate.47-51 In addition, when compared with the POCl3‐doped poly‐

Si and in situ P‐doped poly‐Si, the in situ P‐doped poly‐Si exhibited a

lower in‐diffusion and higher doping concentration within the poly‐Si

layer. This may be due to the different doping methods employed.

Moreover, the POCl3 diffusion formed a phosphor‐silicate glass layer

with a high doping concentration52 of approximately 1021 cm−3, which

could increase the phosphorus in‐diffusion when compared with in

situ P‐doped poly‐Si, given that the dopant dose was limited at the

step of poly‐Si layer deposition.

In addition to the evaluation of the in‐diffusion effect, each grain

was analyzed by determining the grain size and its orientation using

EBSD. Figure 4 presents a comparison of the EBSD images of the

POCl3‐diffused and in situ P‐doped poly‐Si samples after annealing

and hydrogenation. In Figure 4, the EBSD image shows POCl3‐doped
FIGURE 4 Electron backscatter diffraction (EBSD) pattern‐quality map a
poly‐Si, respectively (color in the grain map is random and only displays d
poly‐Si annealed at 950°C for 20 min and in situ P‐doped poly‐Si at

950°C for 30 min, which are the annealing conditions for the highest

lifetime in Figure 2A. Prior to annealing, the grains of poly‐Si were

not detectable from the EBSD image, given that the grain size was

excessively small. The grain size prior to the annealing process was

expected to be on the scale of approximately 10 nm.46 After annealing,

the grain size of poly‐Si increased to the 0.1‐ to 1‐μm scale. Hence, the

grain size was increased by annealing, which indicates that the

increase in the grain size of the poly‐Si layer may have an influence

on the increase in the lifetime, due to the reduced recombination at

the grain boundary region.47 In addition, because the recombination

is critically affected by the silicon oxide layer and, as shown in recent

research, this layer does not allow the recombination from bulk to

grain, the increased lifetime may be caused by improvement of the sil-

icon oxide layer.53-55 From a comparison of the POCl3‐doped poly‐Si

and in situ P‐doped poly‐Si, it was found that the in situ P‐doped

poly‐Si had a larger grain size after annealing. This indicates that the

in situ P‐doped poly‐Si can achieve a higher passivation quality than

the POCl3‐doped poly‐Si, due to the larger grain size with low in‐diffu-

sion and a higher doping concentration, which improves the passiv-

ation quality and contact property.

3.2 | Front structure

To reduce the parasitic absorption in the emitter layers, wide‐bandgap

μc‐SiO:H films were employed. In particular, p‐type a‐Si:H and μc‐SiO:

H films with different bandgaps were used as the front emitter. The

optical and electrical properties of each emitter layer were analyzed.

The optical bandgaps (Eopt) of the p‐type a‐Si:H and μc‐SiO:H films

are presented in Figure 5A. The optical absorption coefficients of the

films were determined using SE, and (αhν)1/2 was plotted as a function

of hν, thus yielding a Tauc plot. The Eopt of the p‐type μc‐SiO:H films

was determined to be within the range of 2.13 to 2.33 eV, whereas
nd grain maps of (A,B) POCl3‐diffused poly‐Si and (C,D) in situ P‐doped
ifferent grains) [Colour figure can be viewed at wileyonlinelibrary.com]

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


FIGURE 5 (A) Optical bandgap (Eopt) of p‐type a‐Si:H and p‐type
μc‐SiO:H films (Eopt was determined using the Tauc plot) and (B) the
crystallinity of the wide‐bandgap p‐type μc‐SiO:H film with different
values of Eopt [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 1 Bandgap, activation energy, dark conductivity, and crys-
tallinity of the p‐type a‐Si:H and p‐type μc‐SiO:H films with different
values of Eopt

p‐Type Emitter Eg, eV Ea, eV σd, S/cm Xc, %

a‐Si:H (50 nm) Eopt 1.67 0.323 1.65 × 10−04 0

μc‐SiOx:H (50 nm) Eopt 2.13 0.091 1.53 × 10−02 40.20

Eopt 2.26 0.098 1.26 × 10−02 42.93

Eopt 2.33 0.113 9.95 × 10−03 45.15

FIGURE 6 (A) Implied VOC value and minority carrier lifetime of a p‐
type a‐Si:H (blue circle) emitter and a μc‐SiO:H (red triangle) emitter
and (B) the deconvolution of the B 1s XPS spectra of p‐type a‐Si:H
(left) and μc‐SiO:H films (right). The peak at 186.6 eV can be attributed
to the threefold coordination of B atoms (red line), and that at 187.7
eV can be attributed to the fourfold coordination of B atoms (blue line)
[Colour figure can be viewed at wileyonlinelibrary.com]
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that of boron‐doped p‐type a‐Si:H was 1.67 eV. The Xc values of the

p‐type a‐Si:H and p‐type μc‐SiO:H films were determined from the

Raman spectra, as shown in Figure 5B. The focal depth of the 514.5‐

nm laser (Ar+) ranged from tens to hundreds of nanometers, and the

inverse of the absorption coefficient of the p‐type a‐Si:H or p‐type

μc‐SiO:H film was 514.5 nm. The crystallinity of the 50‐nm‐thick

layers was evaluated. Moreover, the film with a bandgap of 1.67 eV

exhibited a dominant 480‐cm−1 peak, and the film with a bandgap of

2.33 eV exhibited a dominant 520‐cm−1 peak. With an increase in

the bandgap, there was a decrease in the mixed‐phase peak at 500

cm−1. The phase information was obtained from the TO mode accord-

ing to Figure 5B, and the Xc values of the films were estimated using

Equation (1). Furthermore, Xc was found to increase with values of

40.20%, 42.93%, and 45.15% in accordance with an increase in Eopt

of the p‐type emitter layer, with values of 2.13, 2.26, and 2.33 eV (see

Table 1). The films prepared with lower doping ratios and higher

hydrogen dilution ratios exhibited higher optical gaps (Eopt) with high
dark conductivities (σd) and lower activation energies (Ea). Additional

details are covered in the following X‐ray photoelectron spectroscopy

(XPS) results. It should be noted that all the p‐type μc‐SiO:H films

exhibited better properties than the p‐type a‐Si:H films (see Table 1).

A trend was found during the analysis of the iVOC results (Figure 6

A) for the samples deposited with p‐type a‐Si:H and μc‐SiO:H before

ITO deposition. The samples with p‐type μc‐SiO:H had an iVOC value

approximately 10‐mV higher than that of the a‐Si:H samples, and the

lifetimes were approximately 1 ms longer. This was considered as a

naturally occurring effect of the hydrogen plasma treatment, given

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
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that the hydrogen flow rate during the deposition for microcrystalline

formation was higher than that of a‐Si:H by a factor of 10.56,57 There

was a clear increase in the hydrogen content of the p‐type μc‐SiO:H

films, as verified using infrared spectroscopy, given that the total area

under the Si‐H and Si‐H2 peaks (2000 and 2090 cm−1, respectively) for

these films was larger than that for the p‐type a‐Si:H films (not

shown).58,59 XPS was conducted on the p‐type μc‐SiO:H films to

obtain additional information on the atomic bonding configurations.

The peak at 186.6 eV can be attributed to threefold coordinated boron

(B) atoms (B3
0), and that at 187.7 eV can be attributed to the fourfold

coordination of B atoms (B4
−) in the form of Si‐B.60 The results of the

deconvolution analysis, assuming a Gaussian function (see Figure 6B),

revealed the state of the boron component in the p‐type a‐Si:H and

μc‐SiO:H films. The peak of B3
0 is related to inactive B atoms, which

act like impurities (defects); and the peak of B4
− is related to active B

atoms, which are related to the dark conductivity (σd).
61 The p‐type

μc‐SiO:H films had relatively low overall Si‐B bonds and lower‐inten-

sity B4
− peaks than the a‐Si:H films; however, their conductivity was

one order of magnitude higher. For example, certain boron atoms

incorporated in the p‐type μc‐SiO:H films formed B‐Si‐H bonds by

consuming atomic H. This reduced the coverage of the growing sur-

face by atomic H, which was necessary for the microcrystalline phase

formation in the surface diffusion model.62 This is because the micro-

crystalline phase in the p‐type μc‐SiO:H films contribute significantly

to the transfer of carriers. In particular, in conjunction with the micro-

crystalline phase, a high conductivity can be obtained with a small

amount of doping gas.63-65 This analysis can also explain the iVOC

results presented previously. Boron has a less significant influence on

the p‐type μc‐SiO:H films when the hydrogen treatment effect is not

considered.
FIGURE 7 (A) Short‐wavelength region of the EQE as a function of
the wavelength for the hybrid cells with p‐type a‐Si:H and μc‐SiO:H
emitters of different bandgaps and (B) the short‐wavelength region of
the IQE as a function of the wavelength for the same hybrid cells
[Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 8 Fill factor (FF) (bottom, black square), current density Jsc
(middle, blue triangle), and open‐circuit voltage VOC (top, red circle)
of hybrid solar cells with different bandgap emitter layers [Colour
figure can be viewed at wileyonlinelibrary.com]
3.3 | Evaluation of hybrid cell

3.3.1 | Cell result

The QE results of the hybrid solar cell are presented in Figure 7. The

results of the short‐wavelength region (300‐600 nm) are presented

to confirm the behavior of the emitter layer. With an increase in the

optical bandgap of the emitter layer, the QE at shorter wavelengths

gradually increased. The improvement of the EQE in the short‐wave-

length range of 300 to 500 nm was significant (Figure 7A), and the

improvement of the IQE (Figure 7B) was found to be in the range of

300 to 600 nm. The short wavelength enhancement in EQE results

from the reduction of parasitic optical loss due to the high band gap

and low doping concentration of the μc‐SiO:H emitter. In addition, the

improvement in IQE results from the reduced carrier recombination

arising from the excellent electrical properties of the μc‐SiO:H emitter.

These EQE and IQE results reveal that the developed p‐type μc‐SiO:H

emitters are optically and electrically superior to the a‐Si:H emitters.

Based on the QE results, the solar cell current density (Jsc) also

increased in accordance with an increase in the emitter bandgap,

whereas the fill factor (FF) of the hybrid cells exhibited a different

trend (Figure 8). All the hybrid solar cells with p‐type μc‐SiO:H

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


TABLE 3 Input parameters of hybrid cell simulation

Parameter Unit
Real
Cell

Optimized
Cell

Bulk Resistivity Ω·cm 1 0.1‐10
Thickness μm 190 80‐200
Lifetime μs 2,360 2.00E +

04

Front Sheet resistance Ω/sq 35 35

Recombination current

density

A/cm2 1.19E‐
14

1.00E −

15

Contact resistance mΩ·cm 19 0.1

Rear Sheet resistance Ω/sq 15 15

Recombination current

density

A/cm2 0.43E‐
14

1.00E − 5

Contact resistance mΩ·cm 25 0.1

Contact Finger width μm 50 50

Finger pitch μm 1395 1395

Generation Current density mA/

cm2

40.6 40.6

Note. According to the measurement values, the input parameters were

based on the measurement result. By adjusting the input parameters,

which included the bulk properties such as the lifetime, resistivity and

thickness, contact resistance, and recombination current density; a simu-

lated maximum efficiency of 26% was achieved. Moreover, the simulation

parameters for the previously mentioned cell are presented in the table

(denoted as “optimized cell”).
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emitters had an improved FF when compared with those with an a‐Si:

H emitter. Unlike the gradual increase in Jsc, the μc‐SiO:H emitter with

a bandgap of 2.13 eV exhibited the highest FF of 76.7%. Moreover,

the emitters with bandgaps of 2.26 and 2.33 eV exhibited FFs of

76.1% and 75.3%, respectively. The pronounced decrease in FF can

be attributed to the decrease in the corresponding σd (Table 1). The

conductivity of the p‐type μc‐SiOx:H thin film with a band gap of

2.33 eV is lower than that of the other p‐type μc‐SiOx:H. Therefore,

it is reasonable that the FF of the cell with an emitter having Eopt of

2.33 eV is low, even in the solar cell results. Figure 8 also reveals that

the effect of the hydrogen plasma treatment (shown in Figure 6A)

improves the VOC in the real device. Experiments (Figures 7 and 8)

were conducted on the rear side of the in situ P‐doped poly‐Si struc-

ture using variable emitters.

The results of the current‐voltage (I‐V) measurements under illumi-

nation are presented in Table 2. Three types of the hybrid cells could

be analyzed. Cell types A and B have the same rear side structure

and different front emitters (p‐type a‐Si:H and μc‐SiO:H), and cell

types B and C have the same front structure (p‐type μc‐SiO:H with

Eopt of 2.26 eV) and differently processed rear structures (POCl3‐dif-

fused and in situ P‐doped poly‐Si). The VOC increased from 705 to

710 mV, the Jsc increased from 36.55 to 37.64 mA/cm2, and the FF

increased from 74.51% to 76.72% upon the application of a μc‐SiOx:

H emitter instead of a‐Si:H. Improvements in all parameters of the

solar cell demonstrate the excellent performance of the applied μc‐

SiOx:H. A higher VOC and efficiency were achieved by applying the in

situ P‐doped poly‐Si, which can be attributed to the higher passivation

quality with a low sheet resistance. By changing the front metal design,

a high efficiency of 21.8% with a VOC of 715 mV, JSC of 40.9 mA/cm2,

and an FF of 74.7% was achieved for a cell area of 4 cm2.
Approach to improve the cell efficiency of hybrid

To investigate the efficiency limit of the hybrid solar cell, a simulation

was conducted using the QUOKKA266 and OPAL 267 program. To

identify the difference between heterojunction and poly‐Si passivated

contact, the absorption characteristics were included in the JSC simula-

tion using OPAL2 because amorphous silicon and polycrystalline sili-

con layers have different absorption coefficients. For the cell

efficiency simulation using QUOKKA2, the input parameters are listed

in Table 3. First, the hybrid cell was simulated using parameters based

on measurement data obtained from the experimental results. This

simulation result was denoted as “real cell,” as presented in Table 3.

The bulk properties (wafer resistivity, thickness, and bulk lifetime)
TABLE 2 I‐V results for hybrid cells

Hybrid Cell Type VOC, mV

A—F: a‐Si:H/R: POCl3 705

B—F: μc‐SiOx:H/R: POCl3 710

C—F: μc‐SiOx:H/R: P in situ 719

Note. Cell type A is composed of a p‐type a‐Si:H emitter at the front and POCl3‐d
H emitter and POCl3‐diffused poly‐Si. Cell type C is composed of a p‐type μc‐S
were measured using FPP, a Vernier caliper, and quasi–steady‐state

photoconductivity (QSSPC), respectively. The other properties, which

include the sheet resistance, recombination current density, and con-

tact resistance at the front and rear were measured using FPP, QSSPC,

and the transmission line measurement (TLM) method. As a result, the

simulated real cell efficiency was 22.8%, which was 1% higher than

that of the actualized hybrid cell. The differences could be due to

the uniformity of the front and rear passivation layers, as the lower

efficiency was confirmed for the large cell area (4 cm2 for 21.8%,

and 10.24 cm2 for 21.1%). The VOC from the simulation was almost

the same as cell result C in Table 2, which indicates that the recombi-

nation from the metallization was minimally affected, given that ITO

and low‐temperature firing paste were used for the front metallization.

In addition, the simulated real‐cell result indicates that JSC was in good

agreement with the cell result after the adjustment of the front metal

design. This indicates that the potential of JSC using the hybrid struc-

ture was realized in this study using a different front metal design.

Finally, the FF of the simulated real cell was 77.4%, which was close

to and slightly higher than the fabricated cell result C of 76.9%. Finally,
Jsc, mA/cm2 FF, % n, %

36.55 74.51 19.20

37.64 76.72 20.51

38.15 76.91 21.10

iffused poly‐Si in the rear side. Cell type B is composed of a p‐type μc‐SiO:

iO:H emitter and in situ P‐doped poly‐Si.



FIGURE 9 Hybrid cell simulation results obtained using the
QUOKKA2 program [Colour figure can be viewed at
wileyonlinelibrary.com]
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the potential efficiency limit of the hybrid cell was evaluated by

adjusting the parameters, thus yielding the optimized cell in Table 3.

The resulting efficiency was 26%, as shown in Figure 9. The simulation

results indicate that to achieve an efficiency of 26% using the hybrid

structure, an n‐type silicon wafer with a resistivity greater than 5

Ω·cm and thickness greater than 180 μm is required with further

improvements in the passivation quality and contact quality. The sim-

ulation results also reveal that the recombination current density at

the front and rear should be approximately 1 fA/cm2, and the contact

resistance should be 0.1 mΩ·cm, to achieve a solar cell efficiency of

26%, which indicates the direction of future development with respect

to the cell structure.
4 | SUMMARY

A hybrid silicon solar cell referred to as hybrid, which had a high

efficiency of 21.8%, was evaluated. For the fabrication of the hybrid
cell, the rear polysilicon passivating contact structure was first

constructed. The rear structure was evaluated with respect to the

lifetime and sheet resistance using two different formation methods

for n + poly‐Si, with a variation in the annealing temperature and time.

In this study, all the poly‐Si passivating contacts underwent the

hydrogenation process to increase the lifetime. Consequently, the in

situ P‐doped poly‐Si passivating contact exhibited a longer lifetime

with a lower sheet resistance due to the larger grain size and

suppressed phosphorus in‐diffusion, when compared with the

POCl3‐doped poly‐Si. After the formation of the rear structure, the

front structure was formed with intrinsic thin amorphous Si and p‐type

Si layers deposited via PECVD. For the p‐type Si layer, the crystallinity

was controlled, and two different Si layers were evaluated: a‐Si:H and

μc‐SiO:H. With an increase in the crystallinity of μc‐SiO:H, a higher

passivation quality with a high conductivity and low bandgap energy

can be achieved. Finally, the hybrid cell results revealed that hybrid

with μc‐SiO:H at the front interface layer, in addition to in situ

P‐doped poly‐Si at the rear, exhibited the highest efficiency of 21.1%

for an area of 10.24 cm2. In additional, with the improved front metal

design, the cell efficiency increased to 21.8% for an area of 4 cm2.

Finally, the efficiency limit of the hybrid cell was simulated using the

QUOKKA2 simulation program. The simulation results revealed that

an efficiency of 26% could be achieved by improving the front and

rear passivation quality, in addition to the contact resistance, using a

long‐lifetime wafer.
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