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In this study, we focused on understanding the roles of a polysilicon (poly-Si) layer in poly-Si/SiO,/c-Si
passivating contacts. Passivating contact formation conditions were varied by changing the doping
method, annealing temperature and time, polysilicon layer thickness, and polysilicon doping
concentration. Our observations indicated that the roles of polysilicon are contact, in-diffusion barrier

action, field effect, gettering, and light absorption. Based on the observations, a iVoc of 741 mV was
Received 12th May 2019 btained. Finally, to | Jsc with high Voc, the polysili tched after hyd tion t
Accepted 22nd July 2019 obtained. Finally, to increase Jsc wi igh Voc. the polysilicon was etched after hydrogenation to
reduce light absorption with high passivation quality. iVoc was not affected by etching; moreover, by

DOI: 10.1039/c9ra03560e etching the polysilicon from 300 nm to 60 nm, the cell efficiency increased from 20.48% to 20.59% with
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1 Introduction

As the theoretical efficiency limit for silicon solar cells is
approaching,’ various solar cell structures and fabrication
methods are being studied. In a solar cell, carriers are generated
by incident light and collected on external electrodes. In this
process, electrons and holes are separately collected on each
electrode by carrier selectivity.” For a conventional structure of
silicon solar cell with aluminum back surface field (Al-BSF),
recombination loss at the metal-semiconductor junction is
the major cause of efficiency loss owing to the high interface
defect density at the metal/silicon interface.>” To reduce the
recombination loss, passivating contacts (also referred to as
carrier-selective contacts) have been introduced for high-quality
passivation with low contact resistance.>*'* The passivating
contact cells differ from conventional cells in the following
ways: (1) the recombination occurring at the metal-semi-
conductor junction is reduced by a passivation layer between
the crystalline silicon and metal contact, and (2) the majority
carriers can move to the metal contact, while the minority
carriers cannot be moved from crystalline silicon to the metal
contact owing to carrier selectivity.

The major two passivating contacts use intrinsic amorphous
silicon (a-Si) or silicon oxide (SiO,) as a thin passivation layer.
Passivating contacts based on a-Si are referred to as
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increasing Jsc, constant Vo, and fill factor.

heterojunction or HIT.***® The SiO,-based passivating contacts
consist of SiO, and polycrystalline silicon (poly-Si) in a stack
structure, and the cells using poly-Si/SiO, passivating contacts
are referred to as tunnel oxide passivated contact (TOP-
Con),*>**** semi-insulating polycrystalline silicon (SIPOS),>***
polycrystalline silicon on oxide (POLO),>*”*® or poly-Si passiv-
ating contact.”*° Additionally, it should be noted that EPFL
recently published a study on SiO,-based passivating contact
using silicon-rich silicon carbide instead of poly-Si.** In HIT
cells, the highest recorded efficiency for an interdigitated back
contact (IBC) structure was 26.7% (ref. 16 and 17) and that for
a front and rear contact structure was 24.7%.'®* However, het-
erojunction solar cells have process temperature limits.
Therefore, another passivating contact structure with SiO,/poly-
Si, instead of amorphous silicon, has attracted the interest of
researchers. In poly-Si passivating contact cells, the highest
efficiency of 26.1% and 25.8% for IBC* and front and rear
contact structures'”*” were reported, respectively. This effi-
ciency is remarkable because it is the highest efficiency using
the front and rear contact.

With respect to poly-Si passivating contact, many researchers
have focused on understanding the characteristics of silicon
oxide.>***! In this research, we attempted to focus on poly-Si to
understand the relationship between poly-Si and the properties
of passivating contact solar cells including electrical and
passivation properties. Thus, in this study, we varied the doping
method, annealing temperature and time, poly-Si thickness,
and doping concentration. For the characterization, we
measured the implied open circuit voltage (iVoc), doping
concentration profile, and the thickness and crystallinity of
poly-Si using quasi-steady-state photoconductance (QSSPC),*>
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secondary ion mass spectroscopy (SIMS), transmission electron
microscopy (TEM), and atom probe tomography (ATP),
respectively.

2 Experimental procedure

N-type crystalline silicon wafers grown using the Czochralski
method were used. The thickness and resistivity of the wafer
were 180 um and 4.5 Q cm, respectively. After saw-damage
etching using KOH, a silicon oxide layer with a thickness of
1.2 nm was grown on the wafer surface via wet chemical
oxidation using H,0,.** Subsequently, two types of poly-Si
layers: intrinsic poly-Si and in situ P-doped poly-Si, were
deposited on the silicon oxide surface using low pressure
chemical vapor deposition (LPCVD) equipment at 600 °C. The
thickness of the intrinsic poly-Si was varied from 50 to 300 nm
and POCI; diffusion was conducted to dope the intrinsic poly-Si.
In the pre-deposition step, a POCl; : O, gas mixture with varied
ratio from 200 : 800 to 800 : 200 was used to control the poly-Si
doping concentration. The deposition temperature and time
were fixed at 740 °C and 20 min, respectively. After pre-
deposition, the samples were annealed at temperatures
between 800 and 950 °C from 10 to 60 min in a N, atmosphere.
For in situ P-doped poly-Si, the samples were annealed in the
same furnace that was used to anneal POCl;-diffused poly-Si in
the N, atmosphere after the deposition of the in situ P-doped
poly-Si. The annealing temperature and time were changed
from 800 to 950 °C and 10 to 60 min, respectively. After
annealing, both POCl;-diffused poly-Si and in situ P-doped poly-
Siwere dipped in diluted HF acid to etch PSG and native SiO, on
poly-Si. Subsequently, the samples were subjected to hydroge-
nation to further improve the passivation quality by depositing
the stacked layers of SiN,, and Al,O; with subsequent annealing
at 600 °C for 15 min in a N, atmosphere. Plasma-enhanced
chemical vapor deposition (PECVD) and atomic layer deposi-
tion (ALD) were used to deposit SiN, and Al,0;, and rapid
thermal process (RTP) was used to anneal them. The stacked
layers of SiN, and Al,O; were removed by dipping in diluted HF.
For subsequent experiments on etching poly-Si, an acidic
mixture composed of HNO;:H,O:HF = 300:100:10 by
volume was used. The passivation quality of the poly-Si contact
was analyzed by iVoc, measured using the QSSPC. The doping
concentration profile was measured using SIMS measurement.
TEM measurement was used to confirm the thickness and
crystallinity of the poly-Si. Moreover, after preparing the
abovementioned sandwich-structured samples to measure the
QSSPC, we fabricated the passivating contact solar cell. The
schematics of detailed sample structure and cell structure are
presented in Fig. 1.

3 Results

3.1 Controlling passivation quality

3.1.1 Comparison of doping methods and poly-Si thick-
ness. First, we compared two doping methods to form n+ poly-
Si, namely, ex situ doping by depositing intrinsic poly-Si
through LPCVD and phosphorus doping through POCI;
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Fig. 1 Schematic of sample structure for (a) POCls-diffused poly-Si
contact, (b) in situ P-doped poly-Si contact, (c) etched poly-Si contact,
and (d) the final cell structure.

diffusion, and in situ doping by directly depositing the phos-
phorus doped poly-Si using LPCVD. As the annealing tempera-
ture and time increased, the passivation quality of the poly-Si
contacts changed, as shown in Fig. 2(a). Increasing the
annealing temperature improved the passivation quality, and
increasing the annealing time led to the commencement of
deterioration of iV for both ex situ- and in situ-doped poly-Si
contacts. Moreover, iVoc of the in situ P poly-Si was higher
than that of the POCl;-diffused poly-Si, and the decrease in the
rate of iVoc of in situ P poly-Si was lower than that of POCl;-
diffused poly-Si.

Thus, a different iVo¢ behavior between in situ P poly-Si and
POCl;-diffused poly-Si in the degradation rate of Vo could be
due to the PSG layer. The doping concentration of PSG layer is
approximately 1 x 10*" em ™, which generates three times
higher flux because the doping concentration difference
between POCI;-diffused poly-Si and in situ P doped poly-Si is
three times greater. Owing to this high flux, the dopant atoms
diffuse from PSG to poly-Si. This accelerates the deterioration of
iVoc as the diffusion of P from poly-Si to c-Si increases, as shown
in Fig. 2(d). Consequently, an important role of poly-Si is that of
an in-diffusion barrier. It should be noted that the in situ doping
method is more suitable owing to a lower extent of in-diffusion.

Additionally, we grew a PSG layer on in situ poly-Si to inves-
tigate the effect of a PSG formation step on the characteristics of
the poly-Si contact. After growing the PSG layer, it was removed
and annealed at 950 °C for 20 min in N,. Consequently, the
addition of the PSG growth step decreased the iVoc by 15 mV.
This result indicates that the PSG growth step affects passiv-
ation quality. A further in-depth study will be required to
understand the cause of iVy¢ due to the addition of the PSG

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 iVoc of poly-Si passivating contacts as a function of (a)
annealing temperature, time required for different doping methods,
and (c) annealing time for different thicknesses. (e) P doping
concentration at poly-Si. (b, d, f) P doping concentration profile (solid
line) and oxygen intensity profile (dotted line) of (a, c, e), respectively.

formation step as well as the effect of the PSG growth step on
the tunnel oxide or poly-Si layer.

3.1.2 Comparison of thicknesses of poly-Si. Second, we
changed the thickness of poly-Si from 50 to 300 nm by depos-
iting different thicknesses of intrinsic poly-Si with subsequent
doping process using POCI; diffusion with annealing at 950 °C
for 10 min. From the first experimental result, a change in the
thickness of poly-Si was expected to affect the rate of decrease in
iVoc because the in-diffusion would be higher for a thinner
poly-Si. To verify this, we deposited intrinsic poly-Si with
different thicknesses varying from 50 to 300 nm. The decrease
in iV was accelerated with the decreasing thickness of poly-Si.
This indicates that poly-Si should act as an in-diffusion barrier
and should be sufficiently thick to prevent in-diffusion
according to the annealing temperature and time.

3.1.3 Comparison of doping concentrations. Third, the
doping concentration at poly-Si was controlled by varying the
mixture ratio of the source gas in the pre-deposition step. Thus,
the poly-Si doping concentration was changed from 8 x 10"°
cm ? to 4.5 x 10*° cm ™ as the POCI; : O, gas flow rate ratio was
changed from 200 : 800 to 800 : 200, as shown in Fig. 2(f). The
passivation quality increased when the doping concentration
was increased from 8 x 10" em™ to 1.8 x 10*°® em ™ but
started to decrease rapidly with a further increase in the doping
concentration from 1.8 x 10*° cm® to 4.5 x 10*° cm™>. This
implies that a decrease in iVoc with an increase in doping
concentration will be caused by in-diffusion because in-
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diffusion increases as the doping concentration increases, as
shown Fig. 2(f). Additionally, the decrease in iV could be due
to the precipitates or clusters from the inactive P because the
doping concentration at poly-Si is higher than the solubility
limit, which is 4 x 10%° cm ™ at 950 °C.** The reason for the
increase in iVoc with an increase in doping concentration is not
clearly understood in our study. However, we suggest some
possibilities that a high doping concentration would increase
the field effect or gettering.

(1) Field effect by doping concentration at poly-Si. According
to the TSU-ESAKI tunneling current model,* the tunneling
current is a function of the transmission coefficient (TC), which
is determined by calculating the barrier height between c-Si/
SiO, and the supply function. These, in turn, are determined
using the difference in carrier concentration at the interfaces of
the SiO, layer. As the doping concentration at poly-Si changes
from 8 x 10" em " to 2 x 10*° ecm?, the value of AE. changes
from 0.291 to 0.311 eV. This results in an increase in the elec-
tron tunneling current. Therefore, we concluded that the
tunneling current changes when the doping concentration at
poly-Si changes.

(2) Gettering effect by doping concentration at poly-Si. The
gettering effect of the poly-Si passivating contact was studied by
A. Liu.">" In our research, the gettering effect was confirmed by
etching poly-Si/SiO, and the in-diffused region, and re-
passivating the sample using a 10 nm-thick aluminum oxide
layer. We confirmed that by increasing the doping concentra-
tion from 8 x 10" em ™ to 1.8 x 10%° cm ™3, the bulk quality
improved as iVoc after etching the poly-Si/c-Si, from 693 to
705 mV. This implies that a slight increase also caused the
gettering effect, with an improvement in the bulk quality.
However, further increase in doping concentration caused the
drop in bulk iVoc from 710 to 670 mV. This might be caused by
the reappearance of gettered impurities, which is also repre-
sented by Liu et al.™*

Thus, we concluded that poly-Si is required for contact
because SiO, would get destroyed without poly-Si. The poly-Si
layer plays the following roles: (1) contact, (2) in-diffusion
barrier, and provides (3) field effect and (4) gettering. A high-
quality passivating contact can be realized using thick poly-Si
to reduce in-diffusion and a high doping concentration is
used to enhance the passivation quality and gettering effect.

3.2 Effect of hydrogenation

The effect of hydrogenation was investigated by comparing iVoc
before and after hydrogenation. In Fig. 3(a-c), delta iVo¢
represents iVp¢ after hydrogenation on subtracting iV before
hydrogenation. Delta iVoc was higher for a lower annealing
temperature, shorter time, greater thickness, and lower doping
concentration. This implies the following: (1) if the annealing
condition is suitable for poly-Si contact with high iV, the
effect of hydrogenation decreases, and (2) if phosphorus in-
diffusion critically affects iVp¢, the effect of hydrogenation
decreases. Thus, we conclude that in-diffusion is a critical factor
that must be avoided for high passivation quality. Moreover, if
in-diffusion does not have a critical effect, the annealing

RSC Adlv., 2019, 9, 23261-23266 | 23263
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Fig. 3 Delta iVoc of poly-Si passivating contacts after and before
hydrogenation as a function of (a) annealing temperature, time for
different doping methods, and (b) annealing time for different thick-
nesses, and (c) P doping concentration at poly-Si.

condition should be controlled to maximize the passivation
quality.

In Fig. 4, 2D and 3D hydrogen concentration profiles of
hydrogen atoms were measured using SIMS and ATP, respec-
tively. Fig. 4(a) demonstrates an increase in the concentration of
hydrogen atoms at the SiO, layer after hydrogenation. For the
3D profile analysis shown in Fig. 4(b-d), the peak of hydrogen
concentration corresponds to that of oxygen concentration.
Additionally, a slightly higher hydrogen concentration was
confirmed at the surface of poly-Si/SiO, in the 3D mapping as
compared to the surface of SiO,/c-Si. In conclusion, the result
shows that the position of hydrogen atoms is correlated to the
position of oxide layer.

3.2.1 iV after etching of poly-Si. As poly-Si plays the role
of (1) contact, (2) in-diffusion barrier, and provides a (3) field
effect and (4) gettering, a thicker poly-Si with higher doping
concentration is preferred. However, the thicker poly-Si leads to
higher current loss because it has a higher infrared carrier
absorption, which reduces light trapping and decreases the
short-circuit current density (Jsc). Therefore, poly-Si should be
thin to decrease the light absorption at poly-Si, which affects Jsc.
Therefore, in this section, we etched poly-Si after hydrogenation
and measured iVoc. The result, which is shown in Fig. 5(a),
indicates that the passivation quality is not affected owing to
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the etching of poly-Si. However, with further etching of poly-Si,
iVoc starts to decrease owing to the destruction of SiO,. To
elucidate this, TEM analysis of the poly-Si contact was per-
formed. The TEM images, which are shown in Fig. 5(b-i),
confirm that poly-Si is etched and the SiO, layer is not affected.
After etching 300 nm, the poly-Si was almost fully etched and
the SiO, layer remained, as shown in Fig. 5(e and i). This implies
that (1) SiO, is the most important passivation layer because
iVoc was not affected by almost completely etching the poly-Si
layer, and (2) the poly-Si layer is required to protect the SiO,
layer from high-temperature annealing and hydrogenation
process to enhance the passivation quality of the SiO, layer.
Therefore, the roles of poly-Si are now (1) as a contact, (2) as an
in-diffusion barrier, (3) to provide the field effect and tunneling,
(4) to provide gettering, and (5) as a light absorption layer,
which can be etched to possess high Voc and Jsc. The poly-Si
layer is also required as a protective layer for the SiO, layer to
prevent the destruction of the SiO, layer during process steps
such as annealing, metallization, and hydrogenation.

3.2.2 Improvement in solar cell efficiency of passivating
contact by etching of poly-Si. Finally, we fabricated a passivating
contact silicon solar cell by etching poly-Si from 300 to 50 nm to
enhance Jsc. First, the EQE data and reflectance graph showed
that the etching of poly-Si increased the rear reflection, which
thereby increased the EQE at the short and long wavelengths, as

This journal is © The Royal Society of Chemistry 2019
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shown in Fig. 6(a). Moreover, for the cell, Jsc increased from
39.3 t0 39.6 mA cm > and the efficiency increased from 20.48%
to 20.59% by etching poly-Si from 300 to 50 nm, with a constant
fill factor and slightly decreased Vic. Finally, we confirmed that
the etching of poly-Si does not affect Vo and the passivation
quality but further enhances Jsc by reducing the loss caused by
light absorption.

4 Summary

In this study, the roles of poly-Si were elucidated by varying the
annealing temperature and time, as well as the thickness and
doping concentration of poly-Si. The results indicated that poly-
Si played the role of (1) contact, as the different doping
concentrations of poly-Si can change the work function and
cause different selectivity, (2) barrier layer for metallization and
in-diffusion, as poly-Si is needed between SiO, and metal to

This journal is © The Royal Society of Chemistry 2019
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avoid the destruction of SiO, layer and maintain the passivation
quality, and (3) gettering, which improves the bulk quality.
Moreover, by analyzing the hydrogenation concentration after
hydrogenation, we confirmed that hydrogen passivation at SiO,
is important to achieve high iVoc. To further improve the cell
efficiency, we etched a poly-Si layer and found that the
measured iVoc was not affected after the etching of this layer. By
compiling all results, we concluded that the efficiency of the
passivating contact silicon solar cell was improved by etching
poly-Si via facilitation of high-quality passivation and low IR
carrier absorption. Finally, the solar cell exhibited increased
efficiency from 20.48% to 20.59% owing to the increased Jsc
from 39.3 to 39.6 mA cm ™ > with a constant Vo and fill factor.
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