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Effects of Metallic Contaminant Type and Concentration on Photovoltaic
Performance Degradation of p-type Silicon Solar Cells
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We investigated the effects of the metallic contaminant type and concentration (Al, Cu, Ni, and
Fe) on the minority-carrier recombination lifetime and photovoltaic performance degradation of
p-type silicon solar cells. For all contaminants, the lifetime after annealing at 900 °C for 15 min
decreased with increasing concentration. The sequence of higher lifetime degradation induced by
metallic contamination was Al (highest), Cu, Ni, and Fe (lowest), mainly determined by causing
the diffusivity length and the solubility of the metallic contaminant in silicon. The sequence of
higher lifetime degradation sensitivity induced by metallic contamination was Fe, Ni, Cu, and
Al, as mainly determined by the trap energy level of the metallic contaminant in silicon. The
contamination degraded the power-conversion efficiency (PCE) due to both the short-circuit-current
and the fill-factor degradation. The degree and sensitivity of the PCE degradation depended on
the contaminant type and concentration. The degree was the highest for Al, followed by Cu, Ni,
and Fe, while the sensitivity was the highest for Fe, followed by Ni, Cu, and Al.

PACS numbers: 66.30.Jt, 73.20.Hb, 72.20.Jv, 61.72.Yx
Keywords: Silicon solar cell, Semiconductor, Diffusion, Defect, Trapping, Gettering

DOI: 10.3938/jkps.63.47

I. INTRODUCTION

The reduction in price of polysilicon has recently been
a key engineering goal in the silicon solar industry be-
cause polysilicon accounts for the highest proportion of
the production cost. This has led silicon solar-cell man-
ufacturers to use solar-grade (SoG) or upgraded metal-
lurgical grade (UMG) polysilicon, which contains many
metallic impurities [1,2]. These impurities greatly de-
grade photovoltaic performances such as the short-circuit
current (Jg¢), the open-circuit voltage (Voc), the fill
factor (FF) and the power conversion efficiency (PCE)in
silicon solar cells [3-5]. Manufacturers are,thus, working
to minimize or control metallic contamination of materi-
als used in their fabrication processes, even when those
processes use lower grade polysilicon. Recent studies
have focused on the relationship between metallic con-
tamination and the minority-carrier recombination life-
time or that between metallic contamination and photo-
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voltaic performance. We have investigated the relation-
ship between the metallic contaminant concentration and
the minority-carrier recombination lifetime and that be-
tween the metallic contaminant concentration and pho-
tovoltaic performance for impurities with fast diffusivity
(copper, nickel), middle diffusivity (iron), and slow dif-
fusivity (aluminum).

II. EXPERIMENT

Boron-doped (10 §:cm) Czochralski (CZ) silicon
wafers (50 x 50 mm?)with a thickness of 200 pm were
used. The detailed experimental flow is outlined in Fig.
1. The wafers were textured using KOH (potassium hy-
droxide) for 10 min, resulting in a random pyramid sur-
face structure. After the texturing process, the wafers
were subjected to POCIl3 diffusion at 860 °C for 5 min
to produce an n™ doping layer with a depth of ~480 nm
and an emitter sheet resistance of 58 /0. The wafers
were then cleaned in an SC2 (HCl-H302-H20 mixture)
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Texturing of p-type single-crystal
silicon wafers

I
Front-emitter formation
p-type: POCI, doping 860°C
1
Cleaning
5% HF-H,0, 1 min
SC2(HCI-H,0,-H,0), 80°C, 10 min
deionized water rinse, 10 min
1
Spin coating with Fe, Al, Cu, and Ni
in aqueous solution (0.1, 0.5, 1, 5, 10 ppma)

Diffusion
ICP-MS 900°C, 15 min
]

SiN, deposition

Solar cell fabrication
(Group 2)

Recombination
lifetime (Group 1)

Fig. 1. Schematic process flow for the minority-carrier re-
combination lifetime measurement of p-type silicon wafers fol-
lowing by intentional metallic contamination,annealing and
p-type silicon solar-cell fabrication.

solution to remove the initial contamination. Standard
aqueous solutions of Al, Cu, Ni, and Fe (from Kanto Ka-
gaku) at ~1000 ppma were diluted with deionized water
mixed with 2% HNOj3 to produce 0.1-, 0.5-, 1.0-, 5.0-,
and 10.0-ppma aqueous solutions. An Al aqueous solu-
tion (1.6 ml) with a concentration of 0.1, 0.5, 1.0, 5.0,
or 10.0 ppma was dropped on to the pyramid-textured
silicon-wafer surface while a Ni, Cu,or Fe aqueous solu-
tion (1.6 ml) with a concentration of 0.1, 0.5, 1.0, 5.0, or
10.0 ppma was dropped on to its backside. The wafers
were then spindriedat 600 rpm for 130 seconds. One
complete set of contaminated wafers was subjected to
an inductively-coupled-plasma mass spectrometry (ICP-
MS) analysis to estimate the surface contamination con-
centration. Another complete set was heated at 900 °C
for 15 min in order to drive the metallic contaminants on
the surface into the silicon bulk. The Al diffused from
the surface while the Cu, Ni, and Fe diffused from the
backside.

A silicon-nitride film with a thickness of 80 nm was
deposited under the same conditions by using low-
frequency plasma-enhanced chemical vapor deposition
(PECVD).The wafers with SiNx films deposited wafers
were separated into two groups. The minority-carrier
recombination lifetimes of the wafers in the first group
were estimated using quasi-steady-state photoconduc-
tance (QSSPC) and microwave-induced photoconductive
decay (u-PCD). QSSPC is an excellent method for mea-

suring a wide range of minority-carrier lifetimes (from
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Fig. 2. (Color online) Dependence of the metallic contami-
nant concentration absorbed on wafer surface on the metallic
contaminant concentration in solution after spin-coating so-
lutions with Al, Cu, Ni, and Fe on the silicon wafer surface.

0.1 us to several ms) over a wide range of carrier den-
sities (10'2-10'7 em~3), thereby revealing the minority-
carrier recombination lifetime from the wafer surface to
the backside. The micro-photoconductance decay (-
PCD) caused by excess carriers generated by the ab-
sorbed light through the wafer surface from a flash lamp
was measured by inductive coupling microwave heating
using an RF coil under the sample. The u-PCD detected
the photoconductance via the reflection of microwavesat
a wavelength of 904 nm, revealing the minority-carrier
recombination lifetime from the wafer surface to a depth
of ~30 pm.

The wafers in the second group were subjected to
screen-printing using Al and Ag pastes on the back
and the front to produce top and bottom electrodes,
respectively, for silicon solar cells. After having been
screen-printed, the wafers were firedat 680 °C for 2
s by using rapid thermal annealing. Their photo-
voltaic performances(short-circuit current density (Js¢),
open-circuit voltage (Voc¢), fill factor (FF), and power-
conversion efficiency (PCE)) were estimated using a solar
simulator (Newport) under one sun global solar spectrum
of air mass conditions(1.5).

ITIT. EXPERIMENTAL RESULTS AND
DISCUSSION

Figure 2 shows the metallic contaminant concentra-
tion absorbed on the wafer surface after spin coating as
a function of the metallic contaminant concentration in
the solution. For all four contaminants, the amount ab-
sorbed on the surface increased with increasing concen-
tration in the solution. The degree of absorption was the
highest for Fe, followed by Ni, Cu, and Al, at each con-
centration in the solution. These results are attributed
to the reduction potential of a metallic contaminant in
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an aqueous solution [6]. A negative reduction potential
means a preferred oxidation while a positive one means
a preferred reduction; the potentials were —0.04, —0.25,
0.340, and —1.662 V for Fe, Ni, Cu, and Al, respec-
tively. A lower negative or positive reduction potential
lead to a higher oxidation or reduction, which results in a
higher metallic contaminant concentration absorbed on
the wafer surface after spin coating. Thus, the highest
surface absorption degree for Fe, followed by Ni, Cu, and
Al,at each metallic contaminant concentration in the so-
lution was due to the sequence of lower relative reduction
potential being in the order Fe, Ni, Cu, and Al. Fur-
thermore, the surface absorption sensitivity of metallic
contaminants is given by

d
S (surface absorbption sensitivity) = d—gl7 (1)
2

where C; and C5 are the metallic contaminant concen-
tration absorbed on the surface and the metallic contam-
inant concentration in the solution, respectively. The se-
quence of surface absorption sensitivity from highest to
lowest was Al (0.65), Cu (0.23), Ni (0.13), and Fe (0.10).

Figure 3 shows the dependence of the minority-carrier
recombination lifetime on the metallic contaminant type
and concentration as measured by using QSSPC and u-
PCD. A flashlight was used as the QSSPC light source.
As mentioned above, QSSPC is an excellent method for
measuring a wide range of minority-carrier lifetimes over
a wide range of carrier densities for an entire wafer. A
laser light source (A = 904 nm)was used for the u-PCD
measurement, which measured the minority-carrier re-
combination lifetime in the wafer within 30 pum of the
surface. The minority-carrier recombination lifetimes
were degraded, compared to the reference (without sur-
face metallic contamination), for all four contaminants
and decreased with increasing metallic contaminant con-
centration.

The lifetime degradation sensitivity due to metallic
contamination is given by

dry,

%7 (2)

where 7, and C are the minority-carrier recombination
lifetime and the metallic contaminant concentration on
the wafer surface. The Fe had the highest lifetime degra-
dation sensitivity (3.122), followed by Ni (2.400), Cu
(0.741), and Al (0.407). This is attributed to the trap en-
ergy level of the contaminant. Metallic impurities work
as recombination centers in silicon bulk and create a trap
energy level (E;). The Shockley-Read-Hall recombina-
tion lifetime for a low concentration of injected impuri-
ties is given by [7,8]

Tno (Po +p1 + An) + 7, (no + 11 + An)
po+no+ An

Tng (Po + P1) + Ty, (1 + An)
Po

TSRH =

Q

7 3)

_(a)

a

‘G‘ 26 L il il il il il "

% 24] © {100

2 224 {90

5 20

- Lo v 17

S 18- :

E e A‘ v {70

é 164 o Reference k. >. ’A

2 14 #® Cu ¢t‘\.\‘§ 460

2] Aw % lso

5 ] i 2

g 12 ® Al A

S 10 +rvr—rrrm——rrrr—rrr—rrr

| 10° 107 10° 10° 10° 10" 10"

= Metallic Contaminant Concentration [atoms.fcmzl
(b)

=

:‘ 11 i bl bl bl Ll L

[=]

(%]

g 104 o o 4100

2 I':

E 94 ... @ \ 90

g 84 80

s 71 70

X

E 6+ O Reference \ 60

8 ® Cu \

L g \ {50

E 4] A la0

'ﬁ & Al

2 3t rr—rrm—rrrm—rem—rr] 30

5 10° 10" 10° 10° 10° 10" 10

=

Metallic Contaminant Concentration [atoms!crnzl

Fig. 3. (Color online) Dependencies of the degree of
minority-carrier recombination lifetime degradation and the
sensitivity on the metallic contaminant type and concentra-
tion as estimated by using (a) QSSPC and(b) u-PCD.

where 7,, = (Ntcrnvthm)_l and 7,, = (Ntopvth@)_l.
The Ny, 0y, 0p, Vinn, and vg , are the trap concentra-
tion, capture cross-section for electrons, capture cross-
section for holes, hole thermal velocity, and electron ther-
mal velocity, respectively. In particular,7gppy is deter-
mined by the hole (p1) and the electron (n;) concentra-
tions of the trap energy level:

FE,— F

p1 = Ny exp (—tkTV>7 (4)
Fco—F,

n1 = Ncgexp (—Cth>, (5)

where N¢, Ny, Ey, By, Ec, k, and T are the effective
conduction band density of states, effective valence band
density of states, energy of a trap, energy of the valence
band edge, energy of the conduction band edge, Boltz-
mann’s constant, and temperature, respectively. Thus,
Tsry is determined by Ei; i.e., a deep trap energy level
(E:) leads to a higher degradation of the carrier con-
centration at the trap energy level, resulting in a higher
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Fig. 4. (Color online) Dependence of the photovoltaic performance on the metallic contaminant type and concentration
for p-type solar cells: (a) short-circuit current density (Jsc), (b) open-circuit voltage (Voc), (c) fill factor (FF), (d) series

resistance, and (e) power-conversion efficiency.

lifetime degradation sensitivity. The value of E; for Fe,
Ni, Cu, and Al are E.-0.51 eV, Ex-0.35, Ec--0.2, and
Ey + 0.069 eV, respectively [8-10]. Thus, the sequence
of higher lifetime degradation sensitivity is Fe, Ni, Cu,
and Al. Surprisingly, however, the sequence of higher
lifetime degradation degree induced by metallic contam-
inant at a lifetime of 15 us was Al, Cu, Ni, and Fe,
which is the inverse of the sequence for higher lifetime
degradation sensitivity, as shown in Fig. 3(a). This re-
sult is attributed to the diffusion length and solubility
in silicon of metallic contaminants after annealing at 900
°C for 15 min. Note that the Cu, Ni,and Fe diffused
from the wafer’s backside while the Al diffused from the
wafer’s surface. The calculated diffusion lengths of Cu,
Ni, Fe, and Al are 4.9 x 103, 1.3 x 103, 1.0 x 102, and
1.9 x 1072 pm, respectively [8-10]. The Cu and the
Ni were located near the wafer’s surface after anneal-
ing because the diffusion lengths were larger than the
wafer’s thickness (180 pum). The Al was located near the
wafer’s surface after annealing because its diffusion was
extremely low. In contrast, the Fe was located near the
wafer’s bulk center. At 900 °C, the solubilities of Cu,
Ni, Fe, and Al were 2.2 x 10'7, 7.5 x 106, 4.3 x 103,
and ~9.1 x 108 atoms/cm?, respectively [8-11]. The
minority-carrier recombination lifetime is determined by
the surface and bulk recombinations, as given by [7,8]

1 1 1
+

Tsurface

(6)

b
Ttotal Toulk

where Tiotal, Tsurface, and Tpuk are the total, surface,

and bulk minority-carrier recombination lifetimes, re-
spectively. The diffusion length and the solubility of the
metallic contaminants determined the location and the
recombination rate after annealing and indicated that
Cu, Ni, and Al mainly affect the surface recombination
lifetime while Fe affects the bulk lifetime. Since Cu and
Ni prefer to form silicides at the surface (such as CuzSi
and NiSiy) [12-17] while Fe prefers to form FeSi» and
FeB in the silicon bulk [16-22], the lifetime degradation
degree induced by Al was the highest among the contam-
inants because Al was located nearest the wafer’s surface
and had the highest solubility in silicon. The next high-
est degrees were induced by Cu and Ni because Cu was
located at the wafer’s surface and was closer to it than
Ni and because the solubility of Cu is higher than that of
Ni. The lifetime degradation induced by Fe was the low-
est because Fe was located near the wafer’s bulk and has
a lower solubility than Cu and Ni. The dependencies
of the minority-carrier recombination lifetime degrada-
tion degree and sensitivity on the metallic contaminant
type and concentration were also estimated by using u-
PCD.As shown in Fig. 3(b),the sequences of higher life-
time degradation sensitivity and degree estimated by us-
ing u-PCD were the same as those estimated by using
QSSPC.

Figure 4 shows the dependences of the photovoltaic
performances on the metallic contamination type and
concentration. All contaminants reduced Jgc compared
to that of the reference (without metallic contamina-
tion), as shown in Fig. 4 (a). Except for Al, Jsc de-
creased with increasing contaminant concentration. The
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sequence of higher Jgo degradation sensitivity (%)

was Fe, Ni, and Cu; Al followed a trend similar to the
lifetime degradation sensitivity shown in Figs. 3(a) and
(b). The relationship between Jgc and the minority-
carrier recombination lifetime is given by [7,8]

Jsc = qgnLn = qgn\/DuTa, (7)

where Jgc is proportional to the square root of the
minority-carrier recombination lifetime, and the Jg¢o

degradation sensitivity (di(sjc) is smaller than the life-

time degradation sensitivity (%). Thus, the sequence
for higher Jg¢ degradation sensitivity was the same as
that for higher lifetime degradation sensitivity, except for
Al (compare Fig. 3(a) with Fig. 4(a)). Nondependence
of Jsc degradation on the Al concentration was found
because of the dopant compensation rule, which is given
by [7,8]

n = ND - NA - Nphosphorus - Naluminuma (8)
where n, NDa NA7 Nphosphm’usa and Naluminum are, re-
spectively, the total electron concentration, donor con-
centration, acceptor concentration, phosphorous concen-
tration, and Al concentration in the n* diffusion region
of a silicon solar cell. According to this rule, the depen-
dence of the Jgo degradation on the Al concentration
cannot be undetermined because the phosphorous con-
centration of the n* diffusion region in a p-type silicon
solar cell (~8x102° ecm~3) is much higher than the Al
concentration after annealing at 900 °C for 15 min(~9.1
x 1018 atoms/cm?®) and because the depth of the n*
diffusion region (~0.58 pum) is deeper than the diffusion
length of Al after annealing(only 1.9x1072 pm).

For all metallic contaminants, the V¢ degradation
was independent of the metallic contaminant concentra-
tion, as shown in Fig. 4(b). The FF decreased with
increasing metallic contaminant concentration, as shown
in Fig. 4(c). The sequence of higher FF degradation sen-
sitivity (£ ) was Fe, Ni, Cu, and Al, which is similar to
the sequence of higher lifetime degradation sensitivity in
Figs. 3(a) and (b). This result is attributed to the series
resistance of p-type silicon solar cells, as shown in Fig.
4(d). The sequence of higher series resistance degrada-
tion sensitivity (ddRCS) was Fe, Ni, Cu, and Al, which is
well correlated with the sequence of higher FF degrada-
tion sensitivity (Fig. 4(c)). The correlation between FF
degradation sensitivity and series resistance is attributed
to the Al being located in the n* diffusion region of a
p-type silicon solar cell, Cu and Ni silicide being located
near the front solar-cell surface, and Fe being located at
the center of the silicon solar-cell bulk. However, the se-
quence of higher FF degradation degree was Al, Cu, Ni,
and Fe, which is the reverse of the higher FF degradation
degree sequence. Finally, the dependence of the PCE on
the metallic contaminant type and concentration for p-
type silicon solar cells is shown in Fig. 4(e). For all
contaminants, PCE decreased with increasing metallic

contaminant concentration. The sequence of higher PCE
degradation degree was Al, Cu, Ni, and Fe. However, the
sequence of higher PCE sensitivity (C”ZgE ) was Fe, Ni,
Cu, and Al, which is well correlated with the sequence
of higher lifetime, Jg¢c, and FF degradation sensitivity
(Figs. 3(a), 4(a), and 4(c)). This indicates that metal-
lic contaminants degrade not only Jg¢ but also FF and
that the lifetime degradation induced by metallic con-
tamination affects both Jgo and FF. In summary, the
PCE degradation degree and sensitivity strongly depend
on the metallic contaminant type and concentration.

IV. CONCLUSION

We have shown that metallic contaminants degrade
the minority-carrier recombination lifetime in p-type sil-
icon solar-cell wafers after annealing. The degree of life-
time degradation and the sensitivity induced by metal-
lic contamination were determined by using the metal-
lic contaminant type and concentration.The sequence of
higher lifetime degradation sensitivity due to the trap
energy level of the contaminants in silicon was Fe (high-
est), Ni, Cu, and Al (lowest).The sequence of the degree
of higher lifetime degradation due to the location, as de-
termined by using the diffusivity and the solubility of the
contaminants after annealing, was the reverse (Al, Cu,
Ni, and Fe).There was good correlation between the de-
gree of lifetime degradation and the sensitivity and the
degree of power-conversion efficiency (PCE) degradation
and the sensitivity. The degree of PCE degradation and
the sensitivity induced by metallic contamination were
affected by both the short-circuit current density (Jg¢)
and the fill factor(FF) degradation. The Jg¢c degrada-
tion was attributed to the lifetime degradation induced
by metallic contamination while the FF degradation was
attributed to the series resistance in p-type solar cells.
Therefore, the dependences of the degree of PCE degra-
dation and the sensitivity on the metallic contaminant
type and concentration in p-type silicon solar cells are
mainly determined by the trap energy level, the solubil-
ity, and the diffusion length of metallic contaminants.
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