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ABSTRACT

Crystalline silicon (c-Si)/ hydrogenated amorphous silicon (a-Si:H) heterojunc-

tion (Ag/Al/c-Si(n)/a-Si:H(i)/a-Si:H(p)/ITO/Ag) solar cells were fabricated by RF-

PECVD technique. The efficiency (g), short circuit current density (Jsc) and fill

factor (FF) of the heterojunction (HJ) solar cells were improved from 10 to 17%,

24 to 32 mA/cm2 and 0.60 to 0.74 respectively through systematic tuning of

processing steps; the thickness and doping of a-Si:H(p) layer respectively. High

open circuit voltage (Voc) of 705 mV could be achieved by improving the

interfaces between the a-Si:H layers and c-Si by inserting an ultrathin intrinsic

a-Si:H film using H2 plasma treatment on c-Si(n) wafer and a-Si:H(i) layer

respectively. Simultaneously, other solar parameters like Jsc and FF were also

improved step by step by carefully adjusting the gas flow rate and deposition

time of doped a-Si:H(p) layer. By increasing the doping of a-Si:H(p) layer,

electric field at the interface could be enhanced, which led to the immediate

separation of electron–hole pair and thus improving the solar cell parameters.

This is also confirmed by external quantum efficiency (EQE) spectra measured

with and without external reverse bias.

1 Introduction

The quality of doped a-Si:H layer is very crucial to

improve the performance of c-Si/a-Si:H heterojunc-

tion (HJ) solar cells, which have demonstrated very

promising performance [1–4]. In these heterojunction

solar cells, the p–n junction is made between the c-Si

wafer and thin a-Si:H layer, which is either p-type or

n-type doped depending upon if the c-Si is n or p

type. The photons are absorbed mainly in c-Si wafer,

whereas the role of doped a-Si:H layer is to provide

electric field at the junction to separate the photgen-

erated electron–hole pairs. The opto-electronic prop-

erties of a-Si:H(p) thin films are affected significantly

by deposition conditions like substrate temperature,

process pressure, hydrogen and silane gas flow rate,

hydrogen dilution etc. Though extensive research has

been carried out to study the influence of deposition
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paramteres on the properties of a-Si:H(i) thin films

[5–8], however, very few research groups have

focused their attention on a-Si:H(p) films [9–12].

The a-Si:H, hydrogenated poly/nano/micro-crys-

tallite silicon, hydrogenated silicon carbide (a-SiC:H)

thin films have been used as emitter layer in c-Si

based solar cells to increase its band gap, which

further reduces the parasitic absorption and

improves short wavelength response of the solar cells

[5, 11, 12]. The wider bandgap of p-layer creates band

disconitinuity at i/p interface resulting in recombi-

nation losses at i/p interface which deteriorate the

solar cell performance. So, appropriate bandgap

matching between p and i-layers is necessary to

reduce carrier recombination losses at the i/p inter-

face. However, deposition of nc-Si:H require high

temperature and power density, which may severely

damage the microstructure of the a-Si:H(i) passiva-

tion layer hence reduce the Voc of the silicon hetero-

junction (SHJ) solar cells. The quality of p-emitter

layer is directly related to the efficiency of n-type SHJ

solar cells. The p-emitter layer requires sufficiently

high doping to form required internal electric field

and also good interface properties between i/p-layers

and p/indium tin oxide (ITO) layers [13, 14].

SHJ solar cells are characterized by the relatively

higher open circuit voltage as compared to conven-

tional c-Si solar cells. The open circuit voltage in these

cells depends upon the quality of interface between

the c-Si and a-Si:H. High open circuit voltage of SHJ

solar cells was obtained mainly by superior passiva-

tion quality of wafer and ultra thin a-Si:H(i) layer to

suppress the recombination of charge carriers by

reducing the defect density, voids and strengthening

the hydrogen bonding at the c-Si and i-layer inter-

faces and also i/p interfaces. This could be achieved

by exposing the surfaces of c-Si and a-Si:H(i) layers to

hydrogen plasma during fabrication of solar cells

[15, 16].

Most of the research groups are focused on double

side SHJ solar cells to improve the performance of the

devices and less attention is paid to the single side

solar cells [14, 17–23]. The fabrication of double side

silicon junction solar cells requires additional steps of

depositing the intrinsic and doped a-Si:H to act as

passivation layer and improved back surface field.

Current reported highest efficiency is 26.6% on n and

26.1% on p-type c-Si wafer with interdigitated back

contact silicon heterojunction (IBC-SHJ) (double side)

solar cell technology [24–26]. However, it is very

challenging to fabricate and achieve such high per-

formance solar cells due to lack of quality Si wafers

and sophisticated techniques and many complicated

process steps and contamination problems. Whereas,

for fabrication of single side solar cells, only electrode

has to deposited on the back surface of the Si wafer,

thus the processing is simpler, less time consuming

and reduces the cost as well. The only challenge is

optimizing the thickness and quality of intrinsic and

doped a-Si:H to improve the quality of interfaces. In

our earlier paper, we have reported high Voc of

711 mV for one side c-Si (n)/a-Si:H (p) HJ solar cells

[27]. This Voc is almost comparable with double-side

SHJ solar cells. These results suggested that single

side c-Si/a-Si:H heterojunction solar cells are capable

of high open circuit voltage and efficiency. Those

results have encouraged us to further improve effi-

ciency of one side c-Si/a-Si:H HJ solar cells through

optimization of i- and p-layers. Figure 1 shows the

schematic band bending diagram of our fabricated

single side c-Si(n)/a-Si:H(p) heterojunction solar cells.

This paper presents influence of boron doping

concentration of a-Si:H(p) layer and thickness of

intrinsic as well as p-type a-Si:H layers on the per-

formance of c-Si/a-Si:H single side HJ solar cells. Our

main motivation behind this work has been to further

improve the efficiency of single side HJ solar cells by

optimizing the thickness and doping of intrinsic and

boron doped a-Si:H layers without compromising on

the open circuit voltage. By increasing the doping of

p- layer and decreasing the thickness of both intrinsic

and doped a-Si:H layers, we could achieve the effi-

ciency of[ 17% with a high Voc of 705 mV. The

efficiency of our cells is comparable, whereas the

open circuit voltage value is higher than that repor-

ted by other research groups for single side SHJ.

The paper presents the systematic investigation

that has been caried out to study the influence of

diborane flow rate and thickness of intrinsic and

doped a-Si:H layers to identify their role on the per-

formance of c-Si/a-Si:H HJ solar cells. The EQE

measurements confirm that electric field at the

interfaces is significantly improved when doping of

the p-layer is higher and thickness is low.
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2 Experimental details

2.1 Fabrication of c-Si/a-Si:H
heterojunction solar cells

One side Ag/Al/c-Si(n)/a-Si:H(i)/a-Si:H(p)/ITO/Ag HJ

solar cells were fabricated by rf plasma CVD in multi-

chamber system. Schematic band bending diagram of

fabricated c-Si(n)/a-Si:H(p) heterojunction solar cells

is shown in Fig. 1. Standard RCA cleaning process is

used for cleaning the Si wafers [28, 29]. The details of

other process on c-Si prior to the fabrication of single

side HJ solar cells (Al deposition, annealing at 400 �C
and H2 plasma treatment (HPT) for 10 min of c-Si

wafer) are presented in our previous paper [27].

Subsequently, thin (35–33 nm) i-layer was deposited

on this plasma treated c-Si surface. The silicon wafer

was then moved to p-layer deposition chamber,

where the i-layer was exposed to 2 min HPT prior to

the p-layer deposition. Thin a-Si:H(p) film with

thickness as low as * 10 or 7 nm with different

boron doping concentration was deposited for com-

pleting the solar cells. Table 1 summarizes the

deposition parameters used for fabrication of one

side c-Si/a-Si:H HJ solar cells.

During H2 plasma treatment, 50 SCCM (stan-

dard cubic centimetre per minute) flow rate of pure

hydrogen was used and other deposition conditions

were kept same as those for i-layer. We have adopted

similar procedure for deposition of ITO layer and Ag

contacts as presented in our previous paper [27]. The

doping of the p-layer was changed by changing the

B2H6 flow rate during deposition and performance of

the cells was used as feedback to optimize the

thickness of a-Si:H layers to improve the efficiency of

the cells.

The I–V characteristics measurements on c-Si/a-

Si:H HJ solar cells were done using Xenon lamp with

AM1.5 conditions (power density 100 mW/cm2).

External Quantum Efficiency (EQE) measurements

were carried out in the wavelength range of

350–1100 nm. Calibrated Si photo diode was used as

reference for calculating the EQE of the solar cells

[5, 27, 30].

3 Results and discussion

3.1 Influence of doping and thickness of a-
Si:H(p) layer on c-Si/a-Si:H solar cells

3.1.1 Current voltage measurement of solar cells

The dark current density (J)–voltage (V) characteris-

tics of all the c-Si/a-Si:H HJ solar cells under reverse

and forward bias conditions are shown in Fig. 2. A

systematic decrease in reverse saturation current

density (J0) of all cells is observed from nip5 to nip10;

as the diborane flow rate is increased and/or thick-

ness of the i- and p-layer is decreased. The lowest

value of J0 is obtained for the nip10 cell, which was

fabricated with diborane flow rate at 20 SCCM and i-

and p-layers being 5 nm and 7 nm thick, respectively.

For all the cells, the high injection region started at a

forward bias of about 700 mV. This is an indication

that the solar cells are likely to have a high Voc

of * 700 mV. The decrease in magnitude of reverse

saturation current with increase in the doping of the

p-layer and reduction in thickness of a-Si:H layers

also suggests an increase in efficiency.

Figure 3 shows the current density–voltage (J–V)

curve of c-Si/a-Si:H solar cells for AM1.5 illumina-

tions. The J–V characteristics in dark of two cells (nip5

and nip10) has also been included in Fig. 3 for com-

parison. The values of solar cell parameter; Jsc, Voc, FF

and g for all the cells calculated from the J–V curve

are given in Table 2. These values are systematically

increased from nip5 to nip10 cells. A crossover of J–V

characteristics in dark and under illuminations is

observed around 700 mV for the nip5–nip10 cells. The

open circuit voltage has systematically increased

from 694 to 705 mV for nip5 to nip10 cells respec-

tively. These values are slightly lower than reported

value of 711 mV in previous paper [27], however, still

the present Voc values are higher than values repor-

ted by other groups so far for single sided HJ solar

Fig. 1 Schematic band bending diagram of single side c-Si(n)/a-

Si:H(p) heterojunction solar cells
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cells on n- and p-type c-Si [18–23]. By optimizing the

doping of p-layer and thickness of a-Si:H layers, we

have achieved high Voc of 705 mV and efficiency of

17.3% for single sided c-Si/a-Si:H HJ solar cells fab-

ricated at diborane flow rate at 20 SCCM and i- and p-

layers being 5 nm and 7 nm thick respectively. This

significant improvement in Jsc and Voc parameters is

due to the systematic increase of doping of p- and

decrease of thickness of i- and p-layer accompanied

with the decrement of void fraction at n/i and i/

p interfaces along with the overall improvement in

microstructure of a-Si:H layers as discussed in the

subsequent sections.

The detailed studies of influence of HPT on

c-Si(n) and a-Si:H(i) layer were presented in previous

paper [27]. These results suggested that HPT has

passivated c-Si surface, i-layer, interfaces and also

improve the microstructure of a-Si:H layers of c-Si/a-

Si:H HJ solar cells. Therefore, nip5–nip10 solar cells

have good interface and carrier transport properties

by reduction of recombination losses of photo gen-

erated carriers [16]. In this series of cells, the Voc has

increased with increase in boron doping of p-layer

and we have obtained high Voc of 705 mV for nip9

and nip10 cells. The reason for systematic increase in

current density and efficiency of the solar cells is

discussed below.

In case of p–n junction, the depletion region width

and effective electric field depends upon the doping

concentration on both sides. Generally, one side of

the junction is lightly doped, which is used as

absorber layer in these devices. The effective electric

field, which is given by the ionized donor/acceptor

Table 1 Deposition conditions for c-Si/a-Si:H HJ solar cells

Cell Layer H2 (SCCM) SiH4 (SCCM) B2H6 (SCCM) PP (mbar) Dep. temp. (oC) Layer thickness (nm)

nip5 a-Si:H(p) 60 4 6 0.42 200 10

a-Si:H(i) 50 – 7

nip6 a-Si:H(p) 60 10 10

a-Si:H(i) 50 – 7

nip7 a-Si:H(p) 60 14 10

a-Si:H(i) 50 – 7

nip8 a-Si:H(p) 60 14 10

a-Si:H(i) 50 – 5

nip9 a-Si:H(p) 60 20 10

a-Si:H(i) 50 – 5

nip10 a-Si:H(p) 60 20 7

a-Si:H(i) 50 – 5

Fig. 2 Dark J–V characteristics of cells under reverse and forward

bias condition

Fig. 3 J–V characteristics of Ag/Al/c-Si(n)/a-Si:H(i)/a-Si:H(p)/

ITO/Ag HJ solar cells
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concentration in the depletion region, also depends

upon the total charge in the depletion region, in other

words, on the thickness of the depletion region as

well. If the thickness of the heavily doped region is

less than the depletion region width given by the

charge neutrality condition, the effective electric filed

is reduced, which is detrimental in separating the

photo generated electron–hole pairs. Thus, it is nec-

essary to have sufficient thickness of heavily doped

region to support the electric field. However, as the

thickness of this region is increased, more photons

are absorbed here, which do not contribute to the

short circuit current of the solar cells. It is therefore

necessary to further increase the doping of this region

such that the thickness is equal to the necessary

depletion width and maintain the high electric field

at the junction. Also, it should not be more than the

depletion width so as to prevent the photon absorp-

tion in the neutral region near the surface of solar

cells. In case of a-Si:H, the defect states at the inter-

face also cause a distortion of electric field in the

depletion region and influence the charge transport.

The thickness of intrinsic a-Si:H layer is also to be

optimized to minimize the series resistance of the

device while maintain the electric field at the

interface.

Now, let us discuss our results; an increase in

doping of p-layer, as a result of increase in diborane

flow rate, provided enough charge density in the

depletion region to overcome any electric field

reduction/distortion at the interface. An increase in

electric field at the interface also helps in quick sep-

aration of photo-generated charge carriers before

these recombine, which further increased the Jsc. Role

and importance of number of layers such as doped,

intrinsic, ITO layers and metal contacts in the

improvement of the performance of the solar cells

and their band bending is clearly shown schemati-

cally in Fig. 1 for better understanding of the devices.

In case of cells (nip5) prepared at low boron concen-

tration (DBFR 6 SCCM), the Jsc of 24.81 mA/cm2 was

obtained, which was enhanced to 26.23 and

27.15 mA/cm2 for nip6 (DBFR 10 SCCM) and nip7

(DBFR 14 SCCM) cells, respectively, along with a

systematic increase in FF. To further improve Jsc,

thickness of i-layer was decreased to 5 nm from 7 nm

for nip8 keeping the DBFR at 14 SCCM. The Jsc of nip8

has further improved to 28.65 mA/cm2 due to low

absorption of photons in the less thick i-layer than

nip7 and also photo generated carriers have smaller

path length to reach contacts [18, 31]. This Jsc value

(28.65 mA/cm2) is still lower than that expected in

SHJ solar cells. In an attempt to increase the Jsc fur-

ther, DBFR was again increased to 20 SCCM to

increase the doping of p-layer. This increase in dop-

ing resulted in the decrease of series resistance of the

cell; Jsc value was increased to 31.07 mA/cm2 for nip9

cell along with the Voc of 705 mV and FF of 0.74. To

further increase the Jsc, another solar cell (nip10) was

fabricated with a lower thickness (7 nm) of p-layer

keeping DBFR at 20 SCCM and thickness of i-layer at

5 nm. The Jsc for this cell (nip10) was 32.72 mA/cm2

with a Voc of 705 mV and FF of 0.75. This increment

in Jsc is mainly due to improvement in the generation

and collection of free charge carriers, reducing the

resistance losses and decreasing the minority carrier

path length by decreasing the thickness of i- and p-

layers. We could have obtained best FF values for

nip9 and nip10 cells are 0.74 and 0.75 respectively.

The FF is mainly depend on series resistance as well

as shunt resistance and fraction of voids in the dif-

ferent layers [32–34]. The values of shunt (Rsh) and

series (Rs) resistance are calculated from the J–V

curve of the solar cells and listed in Table 2. As

Table 2 The solar cell parameters of c-Si/a-Si:H HJ solar cells

J-V measurement EQE measurement

Cell Jsc (mA/cm2) Voc (mV) Jmax (mA/cm2) Vmax (mV) FF g (%) Rsh (Xcm
2) Rs (Xcm

2) Jsc (mA/cm2) g (%)

nip5 24.81 694 20.10 519 0.60 10.43 185 7.6 23.47 9.87

nip6 26.23 694 22.85 533 0.67 12.18 323 4.3 24.92 11.60

nip7 27.15 695 23.06 563 0.69 12.98 307 3.8 26.33 12.61

nip8 28.65 698 24.03 483 0.70 14.01 305 3.0 28.20 13.79

nip9 31.07 705 26.83 602 0.74 16.15 315 2.5 30.69 15.96

nip10 32.72 705 28.11 620 0.75 17.30 583 2.0 32.11 16.97
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evident from this Table 2, there is a systematic

decrease in series resistance and increase in shunt

resistance as the DBFR is increased and thickness of i-

and p-layer is reduced from nip5 to nip10 cells. The

improvement in Voc, Jsc and FF resulted in improve-

ment in the efficiency of solar cells. We have achieved

best efficiency of 17.3% for nip10 cell.

3.1.2 Quantum efficiency measurement of solar cells

The external quantum efficiency (EQE) spectra of

c-Si/a-Si:H heterojunction nip5–nip10 solar cells

shown in Fig. 4. The highest quantum efficiency of

nip10 cells is nearly 94 to 96% over a broad spectral

range (450–850 nm). For nip5 cell EQE is * 77% in

the spectral range of 550–800 nm. The EQE has

slightly enhanced for nip6 cell as compared to nip5

cell. For nip7 cell, EQE has further improved in lower

(450–550 nm) and mid (550–800 nm) wavelength

range. This is due to better collection of charge car-

riers and smaller series resistance with increase in

doping of p-layer. A significant improvement in EQE

(* 87%), over a broad spectral range (500–850 nm),

for nip8 is observed. The cell was fabricated with the

same DBFR (14 SCCM) as that for nip7, but with a

lower thickness of i-layer. For this cell, the EQE is

more than 70%, both in the low wavelength

region * 450 nm as well as high wavelength

region * 900 nm. For nip9 and nip10, where the

doping of p-layer was increased along with a change

in thickness of p-layer keeping the thickness of the i-

layer same as that for nip8, EQE crossed 90% in the

mid wavelength range along with a significant

improvement in both low and high wavelength

range. The EQE for these cells is * 80% at 450 nm as

well as 850 nm. The improvement at low wavelength

region is mainly due to decrement of thickness of p-

and i-layer, which helped more photons to be

absorbed in the c-Si wafer. A significant improve-

ment in EQE in both low and high wavelength range

is a mark of good quality abrupt junctions [35]. The

EQE spectra are used to estimate the integrated Jsc for

AM1.5G spectra and the values are listed in Table 2.

It is evident that Jsc values obtained from I–V mea-

surements and calculated from EQE spectra are in

good agreement. Table 2 also lists the efficiency of

these solar cells calculated using the Jsc values from

EQE spectra and Voc and FF obtained from I–V

measurement.

To check if the improvement in EQE is due to only

less absorption of photons in p and i-layer, or whe-

ther the increase in doping concentration had any

role in improving the electric field at the p/i and i/

n interfaces, the EQE spectra are measured under

slight reverse bias condition (- 1 V). Figure 5 show

EQE spectra under no bias as well as under reverse

bias conditions for each of the cell fabricated for this

study. It can be seen from these spectra that for nip5

to nip8 cells, the EQE measured under reverse bias

conditions is more than that under no bias condition.

This clearly indicates that with increase in doping of

p-layer, though, we have been able to collect more

carriers to the respective electrodes, the electric field

at the interface and in the i-layer is still not sufficient

to sweep all the carriers to the respective electrodes.

By decreasing the thickness of i-layer in nip8 cell,

response in the mid wavelength range, as well as in

the low and high wavelength range was significantly

improved as compared to nip7 cell, which has the

same doping and thickness of p-layer. This is due to

less number of photons are absorbed in the i-layer.

When the doping of p-layer is further increased for

nip9, not only EQE has increased, the response under

zero bias condition and reverse bias condition has

also been almost same. For nip10 cell, for which the

thickness of p-layer was decreased to 7 nm, the EQE

is almost * 94–96% in a broad wavelength range

with an increase in response below 400 nm and no

change in EQE under reverse bias conditions. The

increase in response below 400 nm for nip10 cell is

attributed to the less absorption in p-layer. The

observations also suggest that the p-layer deposited

with a DBFR of 20 SCCM provides enough electric

field at the interface to sweep all the photo-generatedFig. 4 EQE spectra of c-Si/a-Si:H HJ solar cells
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charge carriers to the respective electrodes and

reduces recombination loss at bulk of layer and the i/

p as well as p/ITO interfaces.

4 Conclusion

One side c-Si/a-Si:H heterojunction solar cells were

fabricated by varying doping and thickness of

a-Si:H(p) layer. We have achieved high open circuit

Fig. 5 a–f EQE spectra of c-Si/a-Si:H HJ solar cells with and without reverse biasing
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voltage of 705 mV and efficiency of 17.3% on n-type

c-Si wafers. The efficiency, FF and Jsc have enhanced

from 10 to 17%, 0.60 to 0.74 and 24 to 32 mA/cm2

respectively. These high performance device results

are obtained mainly due to HPT on c-Si and

a-Si:H(i) layer, increase of doping and decrease of

thickness of a-Si:H(p) layer. Electric field at the junc-

tion of solar cells has enhanced significantly with

increase in doping of p-layer. Generated electron–

hole pairs are separated immediately and swept to

metal contacts without any recombination losses at

the interfaces and bulk of a-Si:H layers by enhanced

electric field. Further, this is confirmed by EQE

measurements with and without external biasing

conditions.
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