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Surface passivation using intrinsic a-Si:H (i a-Si:H) films plays a key role in high efficiency c-Si

heterojunction solar cells. In this study, we demonstrate improved passivation quality using i
a-Si:H films with a gradient-layered structure consisting of interfacial, transition, and capping

layers deposited on c-Si surfaces. The H2 dilution ratio (R) during deposition was optimized

individually for the interfacial and capping layers, which were separated by a transition layer for

which R changed gradually between its values for the interfacial and capping layers. This approach

yielded a significant reduction in surface carrier recombination, resulting in improvement of the

minority carrier lifetime from 1480 ls for mono-layered i a-Si:H passivation to 2550 ls for the

gradient-layered passivation approach. Published by AIP Publishing.
https://doi.org/10.1063/1.5023000

I. INTRODUCTION

Silicon heterojunction (SHJ) solar cells have attracted

substantial interest for high-efficiency photovoltaic energy

harvesting. Typically, SHJ solar cells have been fabricated

by combining c-Si substrates and a-Si:H films in device

structures such as interdigitated back contact (IBC),1,2 and

heterostructure with intrinsic thin layer (HIT)3,4 solar cells.

In SHJ solar cells, a key factor for high efficiency is sup-

pressing carrier recombination at the a-Si:H/c-Si interface

since it affects the minority carrier lifetime and open circuit

voltage (Voc). To reduce recombination rates, the c-Si sur-

face can be passivated by thermal annealing treatments,5 H2

plasma treatment,6,7 or thin film deposition.8 Among the var-

ious treatments, surface passivation using intrinsic a-Si:H (i
a-Si:H) thin films has been very effective due to passivation

of Si dangling bonds at the i a-Si:H/c-Si interface.9

Typically, i a-Si:H passivation layers have been depos-

ited using chemical vapor deposition (CVD)-based methods

such as plasma-enhanced CVD (PECVD),10–13 hot wire

CVD (HWCVD),14 and electron cyclotron resonance CVD

(ECR-CVD).15 In i a-Si:H CVD processes, the passivation

quality is mainly affected by H2 dilution ratio (R), i.e., the

ratio between H2 and SiH4 gas flow rates (R¼ [H2]/[SiH4]),

since R influences crystallinity, defect density, and hydrogen

content of the i a-Si:H film.12,16 Many studies have demon-

strated good passivation quality using i a-Si:H layers depos-

ited with optimized R values during the CVD process.16–18

In 2014, Lee et al.16 reported on the improved passivation of

c-Si surfaces using dual-layered i a-Si:H thin films which

were deposited with different R values. These dual-layered

i a-Si:H films consisted of a bottom interfacial layer with

optimized R for reducing defects at the c-Si surface, and a

top capping layer with high R for reducing micro-voids

within the i a-Si:H film. This dual-layered passivation

approach yielded a 33.4% improvement in the minority

carrier lifetime compared to a mono-layered i a-Si:H film.

Herein, we demonstrate and characterize improvements

in passivation of c-Si surfaces using 10 nm gradient-layered i
a-Si:H films deposited by remote plasma enhanced CVD

(RPCVD), and demonstrate improved efficiency of a SHJ

solar cell employing this passivation approach. The gradient-

layered i a-Si:H films consisted of interfacial, transition, and

capping layers which were deposited by RPCVD with a

varying H2 to SiH4 dilution ratio, R, during deposition. R

values for the interfacial and capping layers were optimized

by comparing 10 nm mono- and dual-layered i a-Si:H films

fabricated with different R values. The transition layer was

deposited with R increasing gradually between the interfacial

and capping layer values to achieve a gradual rather than

abrupt transition between these layers. The design of the

gradient-layered passivation structure was optimized by

varying the thicknesses of the interfacial and transition layers

while keeping the total thickness of the i a-Si:H films fixed

at 10 nm. The improvement in passivation quality for

gradient-layered i a-Si:H films was evaluated by measuring

minority carrier lifetime and analyzing photoluminescence

(PL) mapping images and surface recombination velocity

(SRV) compared to mono- and dual-layered passivation

films.

II. EXPERIMENTAL

As-cut n-type (100) c-Si wafers (thickness t� 180 lm

and resistivity q� 2.0 X cm) of commercial solar grade for

mass production were cut into 5 cm� 5 cm samples and

cleaned with standard RCA solutions. To reduce the surface

defect density, a saw damage removal (SDR) process was

used. In this process, as-cut c-Si substrates were etched in

20% KOH aqueous solution at 70 �C for 40 min until a
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thickness of 150 lm was reached. The etched c-Si substrates

were then dipped in an HCl:H2O2:H2O 5:1:1 solution to

remove Kþ ions from the c-Si surface. i a-Si:H films were

deposited by RPCVD on both sides of the SDR processed c-

Si substrates with i a-Si:H/c-Si/i a-Si:H (i/c-Si/i) structure.

During the deposition process, the processing temperature

and plasma power were maintained at 250 �C and 30 W,

respectively. The process gas flows for Ar, SiH4, and H2

were controlled by a mass flow controller (MFC) system

with varying R as presented in Table I. All the i a-Si:H pas-

sivation films were deposited with 10 nm total thickness

based on prior reports that 5–10 nm i a-Si:H films showed

very good passivation quality on c-Si substrates without

electrical and optical losses.2,19 To evaluate the effect of

these layers on surface passivation for SHJ solar cell struc-

tures, 10 nm n-type and p-type a-Si:H layers were deposited

by RPCVD on both sides, after passivating 150 lm thick

SDR processed c-Si substrates with mono-, dual-, and

gradient-layered passivation schemes. Detailed deposition

parameters for each a-Si:H layer are presented in Table II.

To calibrate i a-Si:H deposition rates and film thick-

nesses, i a-Si:H films were deposited on Si/SiO2 wafers

(SiO2 thickness t� 200 nm), and the i a-Si:H layer thick-

nesses were then measured using spectroscopic ellipsometry.

For Raman measurements, 10 nm i a-Si:H films were depos-

ited on slide glass with R values ranging from 0 to 12.5.

Raman spectra for i a-Si:H films were measured with a

532 nm laser source using a commercial Raman spectroscopy

system (Renishaw 2000) before and after annealing at

300 �C for 30 min. Fourier transform infrared (FT-IR) mea-

surements were performed for 10 nm i a-Si:H films on c-Si

substrates which were deposited with R values ranging from

0 to 12.5 using a commercial FT-IR spectrometer (Nicolet-

iS50R). The passivation quality of the i a-Si:H films was

evaluated by measuring the minority carrier lifetimes and

using photoluminescence (PL) mapping of passivated c-Si

wafers. The effective minority carrier lifetimes of SDR proc-

essed c-Si substrates which were passivated with different i
a-Si:H passivation schemes were measured by the photocon-

ductance decay method using a Sinton lifetime tester (WCT

120). For PL mapping images, SDR processed c-Si sub-

strates were passivated by 10 nm i a-Si:H films with mono-,

dual-, and gradient-layered passivation schemes. PL signals

were measured with a 532 nm laser source using a commer-

cial Raman spectroscopy system (Renishaw 2000).

III. RESULTS AND DISCUSSION

Figure 1(a) shows the normalized FT-IR absorption

spectra for 10 nm i a-Si:H films on c-Si substrates deposited

by RPCVD with R ranging from 0 to 12.5. In the region

from 1900 to 2200 cm�1, the Si-H and Si-H2 stretching bond

peaks are clearly visible near 2010 cm�1 and 2080 cm�1,

respectively.18 It has been reported that, during i a-Si:H

deposition using RPCVD, H2 gas suppresses the formation

of Si-H2 bonds leading to a high density of micro-voids and

defects.17 The i a-Si:H film with the lowest hydrogen dilu-

tion (R¼ 0) showed the highest intensity in Si-H and Si-H2

stretching bonds. As R increased from 0 to 12.5, a progres-

sive decrease in the Si-H stretching bond peak at 2010 cm�1

was observed. For the Si-H2 stretching bond peak at

2080 cm�1, the peak intensity dramatically decreased as R

increased from 0 to 5, and then moderately decreased as R

increased further, from 5 to 12.5. From these observations,

we conclude that the RPCVD process with high R leads to a

low H content and low densities of Si-H and Si-H2 stretching

bonds, thereby reducing the concentration of micro-voids

and defects in i a-Si:H film.

Conversely, it has been reported that high R values in i
a-Si:H deposition cause epitaxial growth and the formation

TABLE I. Process parameters for the deposition of intrinsic a-Si:H layers using RPCVD.

H2 dilution ratio (R¼ [H2]/[SiH4])

Gas flows (sccm)

Plasma Power (W) Pressure (mTorr) Temperature (�C) Deposition rate (nm/min)Ar H2 SiH4

0 100 0 5 30 515 250 0.77

2.5 100 12.5 5 30 522 250 0.74

5 100 25 5 30 530 250 0.71

7 100 35 5 30 537 250 0.66

9 100 45 5 30 544 250 0.54

11 100 55 5 30 550 250 0.46

13 100 65 5 30 556 250 0.42

TABLE II. Process parameters for the a-Si:H passivation with doping layers using RPCVD.

Layer

Gas flows (sccm)

Plasma Power (W) Pressure (mTorr) Temperature (�C)Ar H2 SiH4 PH3 B2H6

Mono-layered i a-Si:H 100 25 5 … … 30 530 250

Dual-layered i a-Si:H 100 25/65 5 … … 30 530/556 250

Gradient-layered i a-Si:H 100 25�65 5 … … 30 530�556 250

n-type a-Si:H 100 25 5 100 … 30 600 250

p-type a-Si:H 100 25 5 … 100 30 600 250
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of nano-crystalline Si (nc-Si) at the i a-Si:H/c-Si interface.20

Figures 1(b) and 1(c) show the normalized Raman spectra

for 10 nm i a-Si:H films on glass substrates before and after

an annealing at 300 �C for R ranging from 0 to 12.5.

Typically, Si peaks are observed from 350 to 550 cm�1, and

peaks associated specifically with a-Si and c-Si are posi-

tioned near 480 cm�1 and 510 cm�1, respectively.21 The pre-

phase nucleation of nc-Si leads to a minor red-shift of the

a-Si peak at 480 cm�1 in the Raman spectra.22,23 As shown

in Fig. 1(b), strong a-Si peaks were observed at 480 cm�1 in

i a-Si:H films for all R values. However, after annealing at

300 �C for 30 min, shifts of the a-Si peaks to 490 cm�1 were

clearly observed. Under atmospheric pressure, phase transi-

tions from a-Si to nc-Si occur at temperatures above

300 �C.24 As shown in Fig. 1(c), shifts of the a-Si peaks

caused by this phase transition become more obvious as R

values are increased. The red shift observed in the Raman

spectra with higher R suggests that small pre-phase seeds of

nc-Si were grown in i a-Si:H films deposited with high R.

Since these epitaxial seeds act as additional recombination

centers at the i a-Si:H/c-Si interface, values of R that are too

high can lead to poor passivation quality.

In the i a-Si:H passivation scheme, the interfacial layer

deposited on the c-Si surface serves to passivate dangling

bonds at the i a-Si:H/c-Si interface. To obtain optimal

passivation quality at this interfacial layer, optimizing R is

crucial since too low R causes more micro-voids and defects

in the i a-Si:H film and too high R causes epitaxial growth at

the i a-Si:H/c-Si interface. As shown in Fig. 2(a), we first

characterized samples for which both sides of the c-Si sub-

strates were passivated by 10 nm mono-layered i a-Si:H films

with varying R values for the interfacial layer (RI). Figure

2(b) shows the measured minority carrier lifetime for c-Si

substrates with mono-layered passivation at a 1� 1015 cm�3

injection level as a function of RI. The measurement of

minority carrier lifetime using the quasi-steady-state photo-

conductance (QSSPC) method is used as a measure of the

passivation quality of different i a-Si:H films. Before passiv-

ation, the minority carrier lifetime of the bare c-Si substrate

was<15 ls. For RI below 2.5, the c-Si substrate with mono-

layered passivation showed poor passivation quality, with a

minority carrier lifetime of �150 ls. This poor passivation at

low RI was attributed to the high density of micro-voids and

defects in i a-Si:H film, as indicated by the high intensity of

Si-H2 stretching bonds shown in Fig. 1(a) for low values of

R. At RI¼ 5, the minority carrier lifetime of the passivated

c-Si substrate increased dramatically, to �1400 ls. The

minority carrier lifetime then dropped substantially, to

�800 ls, at RI¼ 7.5, then increased slowly with increasing

RI, reaching �1000 ls at RI¼ 12.5. We attribute this sharp

reduction in the minority carrier lifetime between R¼ 5 and

R¼ 7.5 to the increased presence of nc-Si at the i a-Si:H/c-Si

interface, as indicated by the Raman spectra in Figs. 1(b) and

1(c). As a result, the mono-layered passivation using i a-Si:H

film with RI¼ 5 was deemed to be optimal, with a minority

carrier lifetime up to 1480 ls at a 1� 1015 cm�3 injection

level.

It has been reported that dual-layered i a-Si:H films

which contain an additional capping layer atop the interfacial

layer, with the R value of the capping layer (RC) higher than

RI, yield improved passivation quality compared to mono-

layered passivation.16 This is possible because for i a-Si:H

deposition on an a-Si:H substrate, epitaxial growth occurs at

a higher R value compared to that for deposition on a c-Si

substrate.12 Therefore, deposition of a capping layer with

high RC can yield a lower density of micro-voids and defects

in an entire dual-layered i a-Si:H film without degradation

caused by epitaxial growth.

To determine optimal values of RC for dual-layered i
a-Si:H passivation structures, c-Si substrates were passivated

with 10 nm dual-layered i a-Si:H films consisting of a 5 nm

interfacial i a-Si:H layer deposited on the c-Si substrate with

optimized RI¼ 5, followed by 5 nm capping i a-Si:H layers

with different RC values, as shown in Fig. 3(a). Figure 3(b)

shows the measured minority carrier lifetimes of c-Si

substrates passivated by these dual-layered i a-Si:H films at

1� 1015 cm�3 injection level, as a function of RC. Every

FIG. 1. (a) Normalized FT-IR spectra for 10 nm i a-Si:H films on c-Si sub-

strates deposited by RPCVD with different R values. (b) and (c) Normalized

Raman spectra for 10 nm i a-Si:H films on glass substrates deposited by

RPCVD with different R values, (b) before and (c) after annealing at 300 �C
for 30 min.

FIG. 2. (a) Schematic of the fabrication process of mono-layered passivation

on the c-Si substrate. (b) The effective minority carrier lifetime of the c-Si

substrate before passivation (Black filled circles) and after passivation using

10 nm mono-layered i a-Si:H films (Black hollow circles) as a function of

RI. The red-dotted line plots the trend of measured minority carrier

lifetimes.

163101-3 Lee et al. J. Appl. Phys. 123, 163101 (2018)



dual-layered i a-Si:H film with RC above 5 showed higher

minority carrier lifetime than optimized mono-layered i a-

Si:H films with RI¼ 5. As RC increased, the minority carrier

lifetime moderately increased, leveling off for RC¼ 13 at

�1800 ls. As a result, the dual-layered passivation using i a-

Si:H films with RI¼ 5 and RC¼ 13 showed the best perfor-

mance, with minority carrier lifetime up to 1830 ls at

1� 1015 cm�3 injection level.

In the dual-layered i a-Si:H films, there is an abrupt tran-

sition between the interfacial and capping layers. The abrupt

interface can cause carrier trapping in the heterojunction due

to recombination centers formed at the interface25 combined

with minority carrier accumulation due to the valence-band

offset between c-Si and a-Si:H.26 To reduce the carrier

recombination caused by the abrupt interface in dual-layered

passivation, we fabricated gradient-layered i a-Si:H films in

which the abrupt interface was replaced by one in which R

was changed gradually. As shown in Fig. 4(a), the gradient-

layered passivation consists of interfacial, transition, and

capping layers. The interfacial and capping layers were

deposited with optimized RI and RC values of 5 and 13,

respectively. For the transition layer, R (RT) was ramped lin-

early across the transition layer from 5 to 13 by controlling

the H2 flow during RPCVD deposition to create a graded

interface between the interfacial and capping layers.

To investigate the relationship between passivation

quality and design parameters in gradient-layered passiv-

ation, c-Si substrates were passivated by gradient-layered i
a-Si:H films with different designs and their minority carrier

lifetimes were measured. At first, RT was varied by varying

the thickness of the transition layer (tT). Figure 4(b) shows a

schematic representation of R during i a-Si:H deposition as a

function of the film thickness for different values of tT. 3

gradient-layered passivation structures (designated Gradient

1, 2, and 3) were designed with different tT. For these

designs, RT was increased from 5 to 13 across transition

layers 4 nm, 6 nm, and 8 nm in thickness for Gradient 1, 2,

and 3, respectively. Figure 4(c) shows the measured minority

carrier lifetimes of c-Si substrates passivated on both sides

by 10 nm gradient-layered i a-Si:H films with Gradient 1, 2,

or 3. Compared to dual-layered passivation, gradient-layered

passivation with any design showed higher minority carrier

lifetime. As tT increased, RT changed more gradually during

deposition of the transition layer and the minority carrier

lifetime of the c-Si substrate with gradient-layered passiv-

ation was improved. The c-Si substrate passivated by a

10 nm gradient-layered i a-Si:H film with the Gradient 3

design showed the best passivation quality, with a minority

carrier lifetime of 2550 ls. Thus, changing RT gradually dur-

ing deposition of the transition layer enhances the passiv-

ation quality of gradient-layered i a-Si:H films, with a more

gradual change in RT leading to higher passivation quality.

Interfacial layer thickness can also influence passivation

quality, with too thin an interfacial layer causing passivation

quality to degrade. In particular, it has been reported that the

thickness of the interfacial layer (tI) can significantly affect

fixed charges at the a-Si:H/c-Si interface.27 To confirm the

relationship between passivation quality and the thickness of

the interfacial layer in gradient-layered i a-Si:H films, three

additional structures, designated Gradient 4, 5, and 6, were

designed with fixed tT and different tI of 1 nm, 2 nm, and

3 nm, respectively, as shown in Fig. 4(d). Figure 4(e) shows

the measured minority carrier lifetime of c-Si substrates pas-

sivated with structures corresponding to Gradient 4, 5, and 6

at 1� 1015 cm�3 injection level. Compared to dual-layered

passivation, gradient-layered passivation with Gradient 4, 5,

and 6 designs also showed improved passivation quality.

When tI increased from 1 nm to 2 nm, the minority carrier

lifetime increased as well. However, when tI was above 2 nm,

c-Si substrates passivated with both Gradient 5 and 6 showed

similar minority carrier lifetimes of �2100 ls. This result

indicates that the thickness of interfacial layer should be at

least 2 nm for the effective reduction of fixed charges at the

a-Si:H/c-Si interface. Similarly, in the case of dual-layered

passivation, the passivation quality might also increase with

increasing tI and saturate beyond a thickness between 2 and

5 nm. The saturated minority carrier lifetime of c-Si substrate

passivated by dual-layered i a-Si:H films is likely to be simi-

lar with the case of dual-layered passivation consisting of

5 nm tI.

For the passivation of c-Si using i a-Si:H films, not only

the film quality but also the uniformity of the deposited i
a-Si:H film is an important factor to evaluate passivation

quality. To evaluate the uniformity of passivation layers, PL

mapping images were measured on the surfaces of c-Si sub-

strates before and after surface passivation. Figure 5 shows

measured PL mapping images on 3 cm� 3 cm SDR proc-

essed c-Si substrates before and after passivation using

mono-, dual-, and gradient-layered i a-Si:H films. The uni-

formity of PL mapping image can be referred by calculating

a relative standard deviation (RSD) of PL signals as follows:

RSD ¼ r
l
� 100%; (1)

where r is the standard deviation and l is the mean of

PL measured signals. Before passivation, significant

FIG. 3. (a) Schematic of the fabrication process of dual-layered passivation

on c-Si the substrate. (b) The effective minority carrier lifetime of the c-Si

substrate passivated using 10 nm mono-layered (Black filled circles) and

dual-layered (Black hollow circles) i a-Si:H films as a function of RC value.

The red-dotted line plots the trend of measured minority carrier lifetimes.

163101-4 Lee et al. J. Appl. Phys. 123, 163101 (2018)



nonuniformity was observed on the c-Si surface with a rel-

ative standard deviation (RSD) of 19.98%. It is known that

such nonuniformities can arise from surface defects on the

c-Si substrate, with recombination at these sites leading to

low minority carrier lifetimes.28 Compared to the non-

passivated c-Si substrate, much more uniform PL images

were observed in every passivated c-Si substrate with

mono-, dual-, and gradient-layered i a-Si:H passivation

films, with all passivation structures showing similar levels

of uniformity with a low RSD of around 9.00%. Since each

passivation method showed similar uniformity, we con-

clude that the different results in passivation quality of i
a-Si:H films as determined from minority carrier lifetime

measurements were influenced primarily by the passivation

scheme rather than nonuniformity.

In i a-Si:H passivation of c-Si surfaces, the passivation

quality can be influenced by numerous factors including dan-

gling bonds on the c-Si surface and defect centers in the i a-

Si:H film. The effective surface recombination velocity (Seff)

of the c-Si substrate can be used to directly quantify the pas-

sivation quality of the i a-Si:H film. Seff can be estimated

from the measured effective minority carrier lifetime (seff)

using the following simplified equation:29

Seff ¼
1

seff

� 1

sbulk

� �
dSi

2
; (2)

FIG. 4. (a) Schematic of the fabrication process of gradient-layered passivation on the c-Si substrate. (b) and (d) Schematic representation off changes of the R

value during the deposition for different designs of i a-Si:H passivation layers as a function of film thickness. (c) and (e) The effective minority carrier lifetime

of the c-Si substrate passivated by 10 nm i a-Si:H films for different designs of passivation layers.

163101-5 Lee et al. J. Appl. Phys. 123, 163101 (2018)



where sbulk is the bulk Shockley-Reed-Hall lifetime and dSi

is the thickness of the c-Si substrate. It was assumed that sbulk

did not change during a-Si:H deposition, annealing at 300 �C,

or measurement of seff. We set sbulk to a typical value of

10 ms,29 and the c-Si substrate was 150 lm in thickness.

Before passivation, the calculated Seff was very high (500 cm

s�1) since there are many defect sites at the surface of the c-

Si substrate. Figure 6(a) shows a plot of Seff calculated from

Eq. (2) as a function of seff for c-Si substrate passivated by

mono-, dual-, and gradient-layered i a-Si:H films. The SRV

and the density of surface recombination centers on the c-Si

surface can be modeled as a linear relationship as follows:30

Seff ¼ rvthNt ; (3)

where r is the recombination cross section, vth is the carrier

thermal velocity, and Nt is the number of recombination cen-

ters per square centimeter. Typical values for r and vth are

10�16 cm2 and 107 cm s�1, respectively.31 Based on Eqs. (2)

and (3), the density of recombination centers on the non-

passivated c-Si substrate surface is then estimated to be

about 5.0� 1011 cm�2. Using the same approach, c-Si sub-

strates with mono-layered (RI¼ 5) and dual-layered (RI¼ 5

and RC¼ 13) passivation films imply dramatically decreased

Nt of 4.3� 109 cm�2 and 3.3� 109 cm�2, respectively. It has

been reported that the dominant recombination centers on

the c-Si surface consist of dangling bonds at the surface,

which can be effectively passivated by the interfacial i
a-Si:H film.32 Based on our measurements and the corre-

sponding calculated Nt values before and after mono-layered

passivation, almost 99% of the surface recombination centers

of the c-Si substrate were removed by the interfacial passiv-

ation layer.

For the gradient-layered passivation structures, determina-

tion of Nt is complicated by the dependence of the i a-Si:H

band gap and band-edge energies (e.g., relative to those of

c-Si) on total hydrogen content (CH), which is itself influenced

by R. It has been reported that the band gap of i a-Si:H film

changes from 1.7 eV to 2.2 eV as CH in the film varies.33,34

Specifically, i a-Si:H films deposited with low R have higher

CH and larger band gaps compared to films deposited with

high R. Therefore, the interfacial i a-Si:H layer which was

deposited with RI¼ 5 is expected to have a larger band gap

than the capping i a-Si:H layer with RC¼ 13. Because the i a-

Si:H layer with lowest R, and therefore the largest bandgap, is

at the interface with the c-Si substrate, minority carrier accu-

mulation is most likely to occur primarily at the c-Si/a-Si:H

interface rather than within the i a-Si:H passivation layer struc-

ture. The reduction in minority carrier recombination observed

experimentally in the gradient-layered passivation schemes

could then occur via a reduction in trap density within the i a-

Si:H layer, or changes in the spatial distribution and/or energy

of traps in the gradient-layered structure compared to those in

the dual-layered passivation films. In either case, the improve-

ment in Seff with increasing tT is substantial. As shown in Fig.

6(a), the calculated Seff values for passivation designs of

Gradient 1, 2, and 3 decreased from 2.86 cm s�1 to 2.19 cm

s�1 as tT increased from 2 nm to 6 nm.

FIG. 5. PL mapping images for 3 cm� 3 cm c-Si substrates before and after

mono-, dual-, and gradient-layered passivation using 10 nm i a-Si:H films.

The RSD values of each PL image are inside of PL mapping images,

individually.

FIG. 6. (a) Calculated SRVs for c-Si substrates passivated by 10 nm i a-Si:H

films for different designs of passivation layers. The black line represents

the relationship between SRV and effective minority carrier lifetime, calcu-

lated by Eq. (2). (b) The effective minority carrier lifetime of the c-Si sub-

strate passivated by 10 nm i a-Si:H films for different designs of passivation

layers with and without 10 nm n-type and p-type a-Si:H layers on both sides.
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Finally, to assess the potential effect of the gradient-

layered i a-Si:H passivation film on SHJ solar cell structures,

10 nm doped a-Si:H layers were additionally deposited on

passivated c-Si using RPCVD to form an n-type a-Si:H/i a-

Si:H/c-Si/i a-Si:H/p-type a-Si:H (i-n/c-Si/i-p) structure and

the resulting minority carrier lifetimes were measured.

Figure 6(b) shows the measured minority carrier lifetimes of

c-Si substrates passivated by different passivation schemes

with and without doping layers. For every passivation

scheme, the measured minority carrier lifetime increased

after deposition of doped a-Si:H films. The doped a-Si:H

layers generate electrical field across the c-Si, so that the i-n/

c-Si/i-p structure can passivate the c-Si substrate more effi-

ciently by not only chemical passivation but also electrical

passivation. Even after adding doped a-Si:H layers, i-n/c-Si/

i-p structured c-Si substrate exhibited the best passivation

quality, with a minority carrier lifetime of 3200 ls. Based on

these results, it can be expected that the gradient-layered i a-

Si:H passivation can improve passivation quality for the c-Si

substrate and thus enhance SHJ solar cell performance.

IV. CONCLUSIONS

In summary, we have demonstrated and analyzed

gradient-layered i a-Si:H passivation films for enhancing the

passivation quality of c-Si surfaces and consequently the

efficiency of SHJ solar cells. The gradient-layered passiv-

ation was obtained by depositing i a-Si:H films on c-Si sub-

strates using RPCVD with interfacial, transition, and

capping layers for which the H2 to SiH4 dilution ratios R are

varied during deposition. For the interfacial and capping

layer, i a-Si:H films were deposited with optimized RI and

RC values, and for the transition layer, R was gradually

increased from RI to RC during deposition. Compared to

abrupt interfaces formed in dual-layered passivation, the

gradual change in R in the gradient-layered passivation ena-

bles grading of the interface regions between the interfacial

and capping layers. According to the measured minority car-

rier lifetimes of the passivated c-Si substrates, the gradient-

layered i a-Si:H films yielded the highest passivation quality

on c-Si surfaces. There was an increase in the minority car-

rier lifetime for c-Si substrates with gradient-layered passiv-

ation up to 2550 ls, which was higher than with mono- and

dual-layered passivation schemes. After depositing doped a-

Si:H layers, the i-n/c-Si/i-p structured c-Si substrate with the

gradient-layered passivation scheme also showed the highest

minority carrier lifetime of 3200 ls. These results suggest

that the gradient-layered i a-Si:H film can provide high qual-

ity passivation of c-Si surfaces for a broad range of c-Si solar

cell structures.
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