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ABSTRACT

This paper reports on the ohmic contact formed by the conductive glass layer found at the interface of Ag/Si contacts on lowly doped
emitter silicon solar cells due to the presence of semimetal nanoparticles. The scanning electron microscopy and scanning transmission elec-
tron microscope analyses revealed an interface glass layer (IGL) thickness of greater than 380 nm, which was enriched with micro-sized
alloys composed of semimetal nanoparticles. This IGL was conductive as confirmed by conductive atomic force microscopy (C-AFM). The
presence of these semimetal nanoparticles, identified as Ag,Te and PbTe, was both endowed with low bandgap energies as confirmed by
Raman spectroscopy and energy dispersive x-ray spectroscopy. These semimetal nanoparticles were found only in the IGL and formed a
“bridge” to connect the Ag gridline and Si emitter for carrier transport. Based on the modified Fowler-Nordheim tunneling process, the
modeled C-AFM I-V characteristic curve showed a barrier height of 0.1 eV corresponding to an IGL thickness of only 18 nm. Thus, the
carrier transport mechanism “through the conductive bridge” was formed by the semimetal nanoparticles embedded in the IGL. Therefore,
the high conductivity of the interface glass led to the specific contact resistance to be independent of the emitter peak doping concentration.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0001488

I. INTRODUCTION

The high-throughput and low-cost attributes of the screen-
printing technology have constrained the front gridlines of the
commercial Si solar cells to be formed with the Ag paste. The Ag
paste is applied through the use of screens with narrow openings
constituting the gridlines and busbars onto the Si wafers, which
have previously been coated with SiN, antireflective coating (ARC)

underneath the IGL. The thickness of the IGL depends on the (a)
solid Ag particle size,” (b) the composition of the glass frits,” (c)
the additives™” in the paste to control the sintering of the Ag parti-
cles, and (d) the firing conditions.'’~"”

The IGL thickness has a direct impact on the carrier transport
path at the Ag/Si interface. Based on the microstructure of the
Ag/Si contact, two carrier transport paths from the Si emitter to

and later followed by rapid thermal processing under a high peak
temperature for a short time. During rapid thermal processes, (i)
the glass frits in the Ag paste melt and etch the ARC through
redox reactions, (ii) then the molten glass dissolves the Ag metal by
forming silver-lead alloys' and further reacts with Si to dissolve
[100] Si planes, and (iii) after cooling, an interface glass layer (IGL)
is formed between the Ag gridline and the Si emitter with Ag parti-
cles™ embedded in the IGL. Ag crystallites” are found on the [111]
planes of the inverted pyramids' precipitated in the Si emitter

the Ag gridline are identified: (1) direct contact with Ag crystallites
(“through Ag crystallites”)'”'”™"" and (2) tunneling through an
ultrathin IGL'® or nanoparticle assisted tunneling (“through ultra-
thin IGL”).»"" In addition, it was found that forming gas anneal
after sintering enhanced metallic precipitates in the IGL, and
hence, these precipitates increase the conductivity of glass through
multistep tunneling.® Thus, either thin IGL or IGL embedded with
high metal precipitates is preferred for the ease of carrier transport
at the Ag/Si interface.
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As predicted by the International Technology Roadmap for
Photovoltaic (ITRPV)," the lowly doped emitter (140 Q/sq) is the
sure pathway to increase the efficiency of a solar cell due to the
decrease in the surface recombination and higher transparency to
photons. Thus, understanding of how to form a low contact resis-
tance with appropriate current transport paths is required for the
lowly doped emitter. The two carrier transport paths have been
well studied by experimental measurements'”'* and theoretical cal-
culations.'™*>*" Under the “through Ag crystallites,” the specific
contact resistance (p,) of the Ag crystallite contact depends strongly
on the emitter surface doping concentration (ND). Low p. was
demonstrated through field emission on a heavily doped emitter*”
of ND >1x 10 cm™3, and as the peak doping concentration
decreased, the p, increased rapidly.”’ In this case, contact on the
lowly doped emitter “through Ag crystallites” will result in much
higher p.. Thus, the lowly doped emitter exhibits high p., and
hence, “through Ag crystallites,” carrier transport is not suitable for
the carrier transport mechanism.

The other carrier transport path is “through an ultrathin
IGL”* of 1-3.6 nm and a thicker IGL of 5-20 nm with discontinu-
ous Ag nanoparticles.”' However, to realize uniform IGL through-
out the entire metal contact is challenging, and the alternative
would be for the IGL to be conductive. Hence, in order to achieve
ohmic contact on a lowly doped emitter, it is imperative that the
IGL must be conductive. In addition, this would be a preferred
transport path, which is independent of the peak carrier concentra-
tion. Thus, it is important to further develop understanding of the
appropriate carrier transport path at the Ag/Si interface for screen-
printed Ag pastes. This work, therefore, focuses on developing an
understanding of the carrier transport path for a lowly doped
emitter through microstructure [SEM with energy dispersive x-ray
spectroscopy (EDS) and STEM] optical (Raman spectroscopy) and
electrical [conductive atomic force microscopy (C-AFM)] analyses.
More so, to validate the carrier transport path suggested by these
analyses, a modified Fowler-Nordheim tunneling model was used
to model the C-AFM I-V characteristic curves.

Il. EXPERIMENTAL METHODS

The boron-doped p-type 2.5Q-cm Cz single-crystalline Si
wafers were first cleaned and then textured followed by POCI; dif-
fusion to form a 95 Q/sq emitter with a near surface doping con-
centration of 5 x 10 cm™>. After phosphorus glass removal, the
ARC SiN, layer (73 nm) was deposited by plasma-enhanced chemi-
cal vapor deposition (PECVD). Then, the back Al paste and the
front Ag paste (commercial Ag paste containing TeO, glass frits)
were in turn screen printed and dried. After that, the Ag and Al
contacts were co-fired in the rapid thermal processing (RTP) infra-
red belt furnace at 230 ipm under a 815 °C peak temperature.

Since the objective of this work was to investigate the Ag/Si
gridline interface and to establish the carrier transport mechanism,
the fabricated cells were cut into 3-mm strips and arranged in three
sets: (i) with Ag gridline (Ag), (ii) the Ag metal removed by nitric
acid (HNOs3) to characterize IGL (HNO3), and (iii) the hydrofluoric
acid (HF) dip to remove IGL (HF).

The microstructure, elemental composition, and the electri-
cal property of the samples were evaluated by Field-Emission
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SEM (FESEM) with EDS (FEI Verios 460L), STEM with EDS
(FEI Talos F200X), and the Raman spectrometer (HORIBA,
XploRa™PLUS) excited at 532 nm and C-AFM (Asylum MFP-3D).

Ill. RESULTS AND DISCUSSION
A. SEM/EDS and Raman spectrometer analyses

Figure 1(a) is a cross-sectional view of the Ag/Si interface
showing the IGL thickness of >380 nm. The bright part of the IGL
indicates the embedded metal alloys. Figure 1(b) shows the side
view of the interface glass layer embedded with micro-sized metal
alloys. The inset in Fig. 1(b), top view, shows the glass layer under-
neath the metal gridline on the emitter after the Ag gridline is
removed with HNOj3. Figure 1(c) is the EDS elemental analysis of
the selected metal alloy in Fig. 1(b) (side view). It shows the con-
stituent of the micro-sized alloys, which include Ag, Pb, and Te ele-
ments. Figure 1(d) shows the side view, and the inset shows the
top view after HF dip, confirming the absence of the metal alloys.
The Raman spectroscopy in Fig. 1(e) reveals the constituent of the
micro-sized alloys as Ag,Te and PbTe semimetal compounds
according to the peaks“’% at 76 cm~!, 119cm™1, 145cm™!, and
183 cm~!. Other peaks in Fig. 1(e) at around 390cm~! and
660 cm~! belong to TeO, glass.”

The redox reactions that resulted in the formation of the
micro-sized alloys (Ag,Te and PbTe) are given below in reactions
(1)-(6). The calculated thermodynamic potential for these reactions
was reported in our earlier work,”’

6Pb0(in glass) + Si3N4 — 6Pb + 3Siol(in glass) -+ 2N2, (1)

3T602(m glass) + Si3N4 — 3Te + 3Si02(in glass) + 2N2, (2)

2PbOin glass) + Sicwater) — 2Pb + S0 i glasey» 3)
TeOxin glass) T Si(watery — Te + SiO2(in glass)» (4)
Pb) + Te) — PbTey), (5)

2Ag, + Te) — Ag,Tey). (6)

Figure 1(d) shows the SEM side and top views of the sample
that was dipped in HF to remove the interface glass layer, which
contained the metal alloys. Clean Si pyramids are revealed without
the alloys as in Fig. 1(b) before the interface glass layer was
removed in HE.”’~* Furthermore, large Ag crystallites”'” were not
observed. Thus, the clean Si pyramids indicate that semimetal com-
pounds are embedded in the glass layer and not in Si. This con-
firms the Raman spectroscopy micrographs after HF treatment,
which did not show the Ag,Te, PbTe, and TeO, peaks. Therefore,
the Ag,Te and PbTe alloys are encapsulated in the thick IGL and
behave as a bridge for carrier transport from the Si to Ag gridline.
This is akin to the metal precipitates formed after forming gas
anneal to reduce contact resistance,'® but forming gas anneal reduces
the gridline contact adhesion. However, these alloys in the IGL do
not affect the gridline adhesion. Note that the semimetals are formed
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spontaneously according to the chemical reaction equations
[Egs. (1)=(6)]*” without an extra annealing process.

B. STEM/EDS analyses

The distribution of the semimetal nanoparticles in the IGL
was assessed with STEM micrographs after the Ag gridlines were
removed in HNO;. Figure 2(a) shows the IGL with a thickness
of ~1.3 um, which agrees with the SEM micrograph analysis of
Fig. 1(a). An IGL thickness of this magnitude will impede the
carrier transport to the Ag gridlines. Also, the thickness of the semi-
metal nanoparticles embedded in the IGL was measured as

L—1 600 Am

5 um

-

5 um

2000 !
—— Ag removal by HNO,| (b) (C)
—— IGL removal by HF : Te
. L1200 nm L1200 nm
1500 - Ange /Sl
> PbTe 3
‘@
& 1000
=
TeO, Glass
500 |- e /\
(.e) N I &\\
100 200 300 400 500 600 700 800 900 ki

Wavenumber (cm™)

FIG. 1. SEM images of (a) a cross-sectional view of the Ag/Si interface with Ag ( 2)00 fin
gridlines, (b) the side view and the top view (up right) of the interface after

HNO; treatment, (c) the EDS analysis of the selected area [marked in red box

in (b)), and (d) the side view and the top view (up right) of the interface after HF FIG. 2. (a) STEM image of the glass cross section and the elemental analysis
treatment, and (e) the Raman spectroscopy of the sample after HNO; and HF of the selected area (marked in a red box) based on (b) Te (green), (c) Ag
treatment. (blue), (d) Pb (yellow), and (e) Si (red).
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~0.9 um. According to Figs. 2(b)-2(e), Ag, Pb, and Te are the three
dominant elements found in the IGL. These three elements are
mixed with each other according to the features’ shapes under differ-
ent colors in the figures. However, each element was not evenly dis-
tributed in the IGL because of the same map, and some areas are
brighter than others, especially in Fig. 2(c). Figures 2(b)-2(d) show
no diffusion of elements (Ag, Pb, and Te) into the Si emitter com-
pared to Fig. 2(e) where the Si emitter contains more Si elements
than in the IGL. Due to the presence of these three elements in the
glass and based on the peaks shown in the Raman spectroscopy, the
semimetals were formed in the IGL, and the features in the red box
in Fig. 2(a) can be concluded to be semimetal compounds of Ag,Te
and PbTe. Thus, these semimetal nanoparticles contact the Si emitter
and the Ag gridlines and form a conductive bridge to provide a
carrier conduction pathway.

C. Conductive-AFM analyses

The conductivity of the IGL was mapped by conductive-AFM
as shown in Fig. 3(a). The white micro-sized feature represents the
highly conductive area on the IGL with current larger than 10 nA
under a + 10V bias. This conductive feature was located on top of
the Si pyramid according to Fig. 3(c). Based on the shape, size, and
location, this conductive area matches the alloys found in Fig. 1(b)
(top view). The I-V characteristic curves measured by C-AFM
[Fig. 3(d)] established an ohmic contact on the alloyed region,
while the rest of the glass area was non-conductive. The specific
contact resistance of the alloy was calculated based on the slope of
the C-AFM I-V curves and the contact area.”” The value ranged
from 4.93 x 10~* to 26.94 x 10~* Q cm?, which is comparable to
that of Ag crystallites'* (2 x 107* Q cm?). Here, due to the dielec-
tric property of the glass itself and the non-uniform distribution
of the semimetals in the glass, the overall specific contact resistance
of the semimetals is somewhat higher than that of Ag crystallites.
However, the formed semimetal nanoparticles in the IGL dramati-
cally increased its conductivity and form a conductive path to
transport carriers from Si to the Ag gridline. In addition, these
semimetals do not have the tendency or risk of penetrating the p-n
junction as Ag crystallites would, if they are very large. The carrier
transport pathway, “through the conductive bridge,” was found to
be suitable for lowly doped emitters.

D. Mathematical model of semimetal nanoparticle
assisted contact

Based on the microstructure observed by SEM and STEM
micrographs of Figs. 1(b) (side view) and 2(a), respectively, the
schematic view of the semimetal nanoparticles assisted contact is
shown in Fig. 4(a). Instead of carriers tunneling through the IGL,
the carriers are conducted through the bridge formed by the
embedded semimetal nanoparticles in the IGL.

In order to confirm the carrier transport path by the semime-
tal nanoparticle assisted contact, C-AFM I-V characteristics were
modeled according to the modified Fowler-Nordheim tunneling

ARTICLE scitation.org/journalljap

(FNT)*~** given as

Aeﬁaf VZim —87r\/2m0<1)113'5d
(V)= - -v(V) ], 7
W) = Sohdpdim 3hV ) @

where

0.96V
V)= —"——. 8
v(V) @y ®)

v(V) in Eq. (7) is the correction factor when V > ®p/q, Ay is the
effective contact area, g is the electron charge, V is the applied
voltage, m is the free electron mass, h is PlancK’s constant, @p is
the barrier height, d is the glass thickness, and my is the effective
electron mass.

According to Ref. 21,

_ (oY
o= (av), 0 Y

¢Vm —2.56md/Zmo®5\ \
pe= - exp :
47Fh(I)Bd2 my h

Thus,

(10)

Figure 4(b) shows that the modeled (dashed) and measured
I-V (solid) curves are in good agreement. A glass thickness of
17.2-21.5 nm fits the measured -V curves, and the thickness is in
the upper limit of the glass thickness (20 nm)”' for the tunneling
carrier transport mechanism. However, it is less than one tenth the
measured glass thickness (>380 nm) shown by the SEM micro-
graph in Fig. 1(a). Thus, by fitting the curve with only ~18 nm
glass thickness, it confirms that the semimetal nanoparticles
increased the conductivity of the thick IGL, which in turn provided
a bridge that the carriers transport through. Moreover, the higher
transport current around the center of the conductive area than
around the edge suggests that the center of the conductive area had
a higher density of semimetal nanoparticles.

Also, in Fig. 4(b), the calculated barrier height for the contact
is 0.1 eV. The low barrier height can be attributed to the presence
of the PbTe and Ag,Te semimetal nanoparticles. The bandgap
of PbTe is ~0.30eV,”>”* while that of Ag,Te is ~0.014¢eV at
300 K.’ Both PbTe and Ag,Te are n-type’”® because of the
excess Pb in PbTe and excess Ag in Ag,Te. The work function of
PbTe is ~4.30 eV;’* however, the work function of Ag,Te has not
been fully studied. Based on the photoemission spectrum of Ag, Te*’
and the energy band diagram of the Si/PbTe contact’' and the
PbTe/Ag, Te contact,” the energy band diagram of the Ag/semimetal
nanoparticles (in IGL)/Si contact can be modeled as shown in Fig. 5.
The energy band diagram shows the conduction band alignment
between semimetal nanoparticles and Si and a low barrier height
between Ag and semimetal nanoparticles. Here, the overall low
barrier height (0.1eV) results from the semimetal nanoparticle
“bridge” at the Ag/Si interface. Compared with the measured barrier
height (~0.65eV)" of Ag/n-Si (100/sq), the barrier height
through the semimetal nanoparticle “bridge” (0.1 eV) is low enough

J. Appl. Phys. 127, 225302 (2020); doi: 10.1063/5.0001488
Published under license by AIP Publishing.

127, 225302-4


https://aip.scitation.org/journal/jap

Journal of
Applied Physics

0.60 ym

ARTICLE

scitation.org/journall/jap

0.60 ym

0.30

0.00

-0.30

-0.60

10
8 |
6
4 |-
2 L
e 2
§ 3 /
O -2F | Spot #1 on a colloid
I I —— Spot #2 on a colloid
4 i I —— Spot at the edge of
6 a colloid
i d I —— Spot on the IGL
8 |
I |
-10 A PR SR R R R
-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 20

Applied Voltage (V)

FIG. 3. Conductive-AFM images of the sample after HNO; treatment based on the (a) current, (b) height, (c) 3D, and (d) |-V curves of the conductive areas and the

nearby nonconductive area.
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FIG. 4. (a) Schematic of the Si pyramids with semimetal nanoparticles in the
thick IGL [the STEM image is from Fig. 2(a)]. (b) Measured and calculated |-V
curves for the top and edge of the colloid. The modeled barrier height and the
glass thickness are indicated.

to exclude the impact of the Si doping concentration. Although the
actual contact between semimetal nanoparticles can be more compli-
cated, as the barrier height is not a function of the Si doping concen-
tration, the specific contact resistance can be calculated based on
Eq. (10) and is independent of the Si doping concentration.

Figure 6 is generated from Eq. (7), and it shows the impact of
the barrier height and IGL thickness on the current transport.
Although an IGL of ~18nm thickness and a barrier height of
@y =0.1eV fit the C-AFM I-V curves in Figs. 6(a) and 6(b), a
slight increase in the barrier height and the IGL thickness can sig-
nificantly decrease the current transport. Thus, the presence of
Ag,Te and PbTe semimetal nanoparticles in the IGL at a high
density is crucial for higher current transport.
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FIG. 6. Calculated |-V curves of resonant tunneling based on the (a) barrier

height and (b) glass thickness.
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IV. CONCLUSION

In this work, ohmic contact formed by embedded semimetal
nanoparticles in the thick IGL at the Ag/Si contact interface was
studied. It was established that the embedded alloys enhanced the
conductivity of the IGL, and this constituted a new carrier trans-
port path for a lightly doped emitter, which is independent of the
peak surface carrier concentration. According to the SEM and
STEM, an IGL with a thickness of >380 nm was measured and
found to contain a large amount of micro-sized alloys, which were
composed of semimetal nanoparticles. These semimetal nanoparti-
cles were identified as Ag,Te and PbTe, which possess low bandg-
aps. The presence of these low bandgap compounds in accordance
with the C-AFM measured I-V characteristic curves led to the high
transport current from Si to gridlines. By modeling a modified
Fowler-Nordheim tunneling process in conjunction with the mea-
sured C-AFM I-V characteristic curves, a barrier height of 0.1 eV
and an IGL thickness of ~18 nm were obtained. This is contradic-
tory to the measured IGL thickness, which would result in a very
high contact resistance under a barrier height of 0.65 eV. However,
the modeled glass thickness suggests that the presence of semimetal
nanoparticles with a low bandgap lowered effectively the overall
contact barrier height and increased the IGL conductivity so that
the IGL thickness is inconsequential. These semimetal nanoparti-
cles acted as a bridge to transport carriers from Si to Ag. This new
carrier transport path is independent of the IGL thickness and the
emitter doping concentration, which is critical to achieve ohmic
contact on the lowly doped emitter for next-generation Si solar cells.

DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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