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Identification of metal impurities in crystalline silicon wafers

Bijaya Paudyal', Yo Han Yoon?, David Cornwell’, Phil Shaw® and Francisco Machuca®

IMKS Instruments, San Jose, CA, USA *Department of Materials Science and Engineering, North Carolina
State University, Raleigh, NC USA, *MKS Instruments UK Ltd. Spectra Products, Crewe, Cheshire, UK
*Pure Crystal Solutions, Mountain View, CA USA

Abstract — Injection dependent lifetime spectroscopy (IDLS)
was pelfmmcd to identify the type and gconcentration of the
defects associated with metal impurities in crystalline silicon
wafers. Minority carrier lifetimes in intentionally contaminated
silicon wafers using various metal concentrations were measured
py a transformer-coupled, radio frequency-based photo
conductance measurement tool, GLM™ 2000. Lifetimes in the
pulk of the silicon wafers were measured at low injection level
using a4 square pulse cycle of light with half period >10
milliseconds to ensure steady state photoconductance was
reached. Analysis of the data using Shockley-Read-Hall theory
demonstrates the ratio of capture cross-section of electrically
active defect level associated with molybdenum (Mo) and copper
(Cu). Concentrations () of electrically active defect states
associated with Mo and Cu impurity are determined from
measured bulk lifetime at low level injection, using Shockley-
Read-Hall carrier concentrations (#; and p,), and known
activation energy levels (E) of the identified metal from the
literature.

Index Terms minority
GLM™ 2000, bulk lifetime, silicon.

carrier

— lifetime, impurity,

1. INTRODUCTION

The Silicon photovoltaic (Si-PV) industry can suffer from
poor manufacturing control of metal impurities in low cost
directionally solidified or cast wafers making up > 85% of the
capacity being delivered today. The capability to detect the
type and concentrations of impurities in solar wafers helps to
qualify vendors, identify point of contamination in the
fabrication line and the possible sources of contamination.
Lifetime spectroscopy (LS) is a non-destructive measurement
and quick analysis technique for metal impurity
characterization in silicon photovoltaic (Si-PV) cells[1]. LS
determines the measured lifetime dependence on various
changes in either injection level or the substrate temperature to
extract defect specific parameters in the silicon wafers.

Effective minority carrier lifetime in silicon wafers is often
dominated by the surface recombination velocity (SRV) [2]
and as such is a poor indicator of quality of the bulk property
Of the crystal. In this work, the bulk minority carrier lifetime
Sighals  were measured by a newly developed
Photoconductance measurement tool, GLM"™ 2000[3] after
Surface passivation.

The GLM™2000 is a multi-parameter, transformer-coupled
instrument with programmable LED array that measures radio
fretluuu,y based photo conductance changes in the wafer, Fig.
2 depicts the schematic diagram of the photoconductance
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instrument, GLM™ 2000 has the capability to use near IR
LEDs for full penetration of the wafer or a green LED array
penetrating near surface [3]. The unique programmable
illumination method allows simultaneous determination of
transient and true steady state  photoconductance
measurements and the capability to control the intensity of
light to access ultra-low injection levels (much less than the
dopant concentration, Ny,,).

Photo Detector I g . |
| = 1 |
LED llluminator ¢ l~ ‘ y |
Ferrite Core ! } oo | |
v L Built-in -
Sk Wafer oy — v —— oy — T Electronics IE 8
et 0
Transformer : } | '] & DAC p
Winding i ""'1. ’ |
o= i = |
|

Light annulus
on SiWafer

Fig 1. Schematic diagram of GLM™2000 and light annulus on the
wafer under test.

This paper explains the procedure for identification and
quantification of a dominant metal impurity in silicon wafers
by implementing Injection Dependent Lifetime Spectroscopy
using the GLM™ 2000. The theory section describes unique
simplifications in applying Shockley-Read-Hall (SRH) [4, 5]
lifetime expression by leveraging ultra-low level injection
(LLI). In the experiment section two case studies utilizing bulk
carrier lifetime measurements is described for intentionally
metal-contaminated silicon wafers using Mo and Cu
impurities. The measurement results, comparison to previous
research, and concluding analysis are presented in the result
and discussion section.

II. BACKGROUND AND THEORY

Lifetime spectroscopy is a proven technique for defect
characterization in the silicon industry [1, 6] and allows for
simplified instrumentation, short measurement cycles, no



sample preparation, is nondestructive, and has low cost of
ownership. Alternatives for impurity identification in silicon
wafers include Deep Level Transient Spectroscopy, (DLTS),
and Inductively Coupled Plasma-Mass Spectrometry (ICP-
MS). In low level mjection, An << Np 4, the carrier lifetime in
silicon is mostly dominated by the recombination via defect
levels, otherwise known as Shockley Read Hall (SRH) [4, 5].
The well-known SRH equation shown in (1) can be simplified
for the low light injection condition.

M T n+An)+T, (py +p, +0n)
Tspir = U - ¢!
SRIT

)

Ny +p, +An

Further simplification of the SRH equation for a p-type Si-
wafer can be made when the defect energy level (£)) lies in the
lower half of the band gap (LBGH). The LBGH
approximation can be made when the following assumptions
hold true: (A) electron concentration at thermal equilibrium
(ng) in silicon can be neglected in comparison to the holes
concentration (pg) at room temperature (ny << py), (B) SRH
electron concentrations (#,), are sufficiently less than An when
E, lies in the LBGH [4, 5] and satisfies n; + 1y << An as well as
for a deep levels p, << p, at room temperature, and (C) for
low level injection (LLI), pg >> An, An can be removed from
the denominator and from the second part of the numerator in
(1), which can be re-expressed as

(1)
Tou(T) =7,,(T)+ !

p2o(T)

Hence for a particular temperature and An range, when
conditions A, B and C are satisfied, a plot of tsry(7) versus An
gives a slope equals to 7,0(7)/ po(7) and an intercept ast,o(7).
These measured quantities explicitly determine 7,9 and 7,9 and
give a characteristic capture cross section ratio (o,/g,). This
ratio uniquely establishes an impurity type and serves as a
fingerprint for a metal impurity in the silicon wafer. An
analogous approximation can be made at LLI for different Si-
PV use cases such as; p-type Si with defect in upper half of the
band gap (UBGH).

Simplified SRH equation for n-type Si, when the E, lies in
the LBGH and UBGH can be expressed as

x (An) )

T
Cyun (T =7, (T) + ;T(r)) <) O
rn @) =7, (@) WO D, 7Ty )

n,(T) n,(T)

SRH capture time constants for 7,9 and 1,9 can be determined
using (3) with doping density », and n(7) can be calculated
from the known defect energy level [7] for the temperature
range as shown in Fig 2. Capture cross section ratios are
calculated by using (3) and (4) and the thermal velocity for
electron and holes [7] as
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1 1

E%%__\____

ando-
4 N,Xv X T
»0

X Tnﬂ

n = 5
NI XV thy ( )

where, N, is the eclectrically active defect density apq
2 and
!
and holeg in t|'1:

and vy, are the thermal velocities of electrons

silicon. Hence the characteristic ratio, a/a, of
recombination center of the defect energy level iy :he bu]kthe
the silicon wafer can be calculated from (he slope oy
intercepts of the lincar fit of the minority carrier lifetim:nd
LLI, when the E, lies in the LBGH as at

o, Intercept XV, ©)
o, Slope xv,, xn,
600 L =y
P _ -16 -3 -
Ndap— 1x10 “cm
~ 500 N = 1x10"%cm”
QS’ N Nm— 1x10™%cm® i
¢ 400- * dop
£ “
2 5
E -
g 300- :
;
~ 200 - e
100 -
0 L] T T T | E—
0.0 0.2 0.4 0.6 0.8 1.0 E

Defect energy level (eV) 5

Fig 2. Minimum temperature required for p,(T) or »,(T) >> 0.0001
x po(T) or ny(T) for different Ny, and E,.

The assumption p(T) or n(T) >> 0.01 x An becomes invalid
as the E, goes deeper into the band gap of Silicon and the
linear fit of measured lifetime at LLI against excess carrier
density no longer prevail at the room temperature. Fig 2
presents the minimum temperature required for p,(7T) or m(7)
>>0.0001 x po(T) or ny(T) for different N, and E'.

[II. EXPERIMENTS

Phosphorous-doped ~ ¢-Si  samples  with  resistivity
measurements of 542 Q em (N, = 9.2 X 10" cm™) were used.
Sections (5 * 5 cm?) were cut out of from the large-area wafers
(15.6 * 15.6 cm?®) with an average width of 200 microns. The
wafers were RCA cleaned before dipping into five different
concentrations of metal spiked solutions at room tempcrature.
For Mo-contaminated samples, five wafers were dipped into
the spiked solutions of concentrations 0.1, 1, 10, 100, 1090
ppm followed by a drive-in annealing process, 10 hr, 1000 °C
in a vertical tube furnace under Argon (Ar) ambient, followed
by slow cooling in air. The wafers are labeled as Mt{_l to
Mo 5. For Cu-contaminated samples, 2 wafers were L?IPPC‘-:
into the spiked solutions of 1, 10 ppm with ::«_mccnlrm|0.ns.l
and 10 ppm followed by a drive-in anncaling for 30 min &
900 °C in a similar condition as mentioned above. The wafers
are labeled as Cu_1 and Cu_2.



ority carrier lifetimes in the bulk of the metal
sinated Si-wafer and the control Si-wafer (sister wafer
{ metal contamination) were measured by using a

1.;(01-mer—cr_luplcd, radio frequency-based  photo
lrm;mcmnce (RF-PC) measurement tool, GLM™2000,
ClTnhiucd elsewhere [3]. An array of light emitting diodes
cﬁ%és) of 890 nm wavelength of light were used to illuminate
iht’ silicon wafers and partially processed cells for more than
{0 ms, to ensure that steady state photoconductance was

Min
con{{l"
withott

achieved..

IIT. RESULTS AND DISCUSSIONS

The Minority carrier lifetimes in Mo-contaminated wafers
were found to be less than the reference wafer by a factor of 3
o 7. which showed the Mo-defects were dominating the
recombination centers. Continuous lines are the fitted SRH
lifetime with Mo impurity with defect energy level E, = E, +

031 eV[l] , = 6 x 10" ecm® [8]. Measured injection
dependent lifetime at LLI is depicted in Fig 3 (a).
10° e T T T T T T
n — 4
3
E ]
&
=10%-
g =
E Reference wafer g
g Mo_1 Mo_t1 Fit |
z Mo_2 —— Mo_2 Fit
I
.g Mo_3 ——— Mo_3 Fit"
b3 Mo_4 Mo_4 Fit
(@) Mo_5 ~—— Mo_5 Fit
10"+ e T T maas
10|J 10" 1015 1015
Excess Carrier Density (cm™)
60 . r T T T T
59 e
0 p -
f 58 -
: e
@ 574 )/ﬁ 4
:4: -
-
5 56 / Linear Fit: Mo_5
E / Value Error 4
S 55 7 Intercept 49.47  0.11
g | // Slope  6.97E-14 1.13E-15
£ 544 Reduced Chi-Sqr  0.01968 -
z // R-Square 0.99473
53 ®) ° Pearson's r 0.99736
5.0x10" 1.0x10" 1.5x10"

Excess Carrier Density (cm™)

Fig 3. (a) Minority carrier lifetime measured in Mo-contaminated and

reference wafer for various excess carrier densities. Continuous line

shows the fitted SRH lifetime with Mo impurity. (b) Linear fit of the

;\Tllleasured lifetime versus excess carrier density data for sample
0 5,
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The measured injection dependent minority carrier lifetimes
of the Mo contaminated Si-wafers at low injection level are
fitted linearly. Linear fit of the measured lifetime versus excess
carrier density data for sample Mo 5 is depicted in Fig 3 (b). The
characteristic ratio (g,/0,) is calculated by using (6). Measured
slopes and intercepts with calculated 0,/0, are depicted in
Table 1.

TABLE I
SUMMARY OF THE MEASURED PARAMETERS
Wafer ID | Slope(rno/ng) | Intercepts (1,0) | (04/0p)
Mo 1 1.25x 10" 84.55 0.42 + 0.04
Mo 2 1.11x10" 79.19 0.43+0.04
Mo 3 1.02x10™ 63.18 0.45 + 0.04
Mo 4 756 x 107" 54.12 0.44 + 0.04
Mo 5 6.97 x 107 49.47 0.43 +0.04

The concentration of electrically active Mo-defect levels in
the silicon wafers (Nf) is calculated by using the literature
value 0, = 6 x 107 cn1® [8] and are depicted in Table II. A
monotonic increment of impurity concentration on the wafers

from Mo 1 to Mo 5 is expected according to the
concentrations of Mo-spiked solutions during the
contamination.
TABLE II
SUMMARY OF THE CALCULATED PARAMETERS
Wafer ID N: (cm'3) cr,,(cmz)

Mo_1 2.55x 10" 2.52x 107"

Mo_2 2.75x 10" 2.58x10™"

Mo_3 3.25x10" 2.70x107°

Mo_4 4.00 x 10" 2.64x10™°

Mo_5 432x10" 2.58 x 10°

Measured value of capture cross section ratio is lower than
the literature values [1, 8, 9]. The capture mechanism for
electrons and holes of Mo defects in silicon follows the
excitonic Auger capture (EAC) [10] and has a strong
temperature dependent behavior. The difference in the
measured results of ,/0, is obvious for the measurements
taken at different temperatures.

Cu is incorporated into the silicon lattice in interstitial form,
introducing one of three defect energy levels (£,). These defect
levels may appear in the form of substitutional Cu or as the
Cu-related pairs. The substitutional Cu in the silicon lattice are
namely, an accepter (Cu,), a donor (Cu;") and a double donor
(Cu,™), all of which can act as recombination centers [8, 11].
It is essential to first make sure of the dominance of a
particular  energy level before performing lifetime
spectroscopy for defect characterization. The dominant defect
is confirmed as Cu, by analyzing the measured lifetime data
with the procedure mentioned elsewhere [12].



The measured lifetime on Cu-contaminated were found to be
less than an order of magnitude then the reference wafer,
which showed the Cu-defects were dominating the
recombination centers. Continuous lines are the fitted SRH
lifetime with Cuy impurity with defect energy level E, = E¢ -
0.161 eV, 6,= 1.9 x 107 cm?® [8, 11]. Measured injection
dependent lifetime at LLI is depicted in Fig 4 (a).

1000 \ T y T d T T T

100 -

Reference wafer

Minority Carrier Lifetime (us)

Cu_1l Cu_1 Fit
" - Cu_2—Cu_2Fit
1E13 1E14 1E15 1E16
Excess Carrier Density (cm™)
20 y i , - —
Wafer Parameter Value Std. Error
19'_ Cu_ 2 Intercept 1.03E+01 6.24E-02
% 184 Cu_2 Slope 7.78E-14 1.67E-15 1
f Cu_1 Intercept 1.22E+01 7.01E-02
E 174 Cu_1 Slope 9.74E-14 1.94E-15 .
1] .. 1
5 16 ="
g ] R
E 15 ; |
3 ) i
2 14 -
6 e
£ 13- e T 1
1 1 et ek v Cu_l Linear fit Cu_1
1(b) _ v Cu 2 Linear fit Cu_2
2x10" 3x10" 4x10" 5x10"

Excess Carrier Densitv (cm™)

Fig 4. (a) Minority carrier lifetime measured in Cu-contaminated and
reference wafer for various excess carrier densities. Continuous line
shows the fitted SRH lifetime with Cu impurity (aa). (b) Linear fit of
the measured lifetime versus excess carrier density.

The measured injection dependent minority carrier lifetimes
of the Cu contaminated Si-wafers at low injection level are
fitted linearly. Linear fit of the measured lifetime versus excess
cartier density data for sample Cu_1 and Cu_2 are depicted in Fig 4
(b). The characteristic ratio (g,/,) is calculated by using (4).
Measured slopes and intercepts with calculated o,/0, are
depicted in Table III.
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TABLE III
SUMMARY OF THE MEASURED pA RAMFTI;;
Wafer ID | Slope(rno/no) | Intercepts (Tpo) —
Cu_1 9.74x 107" 12.18
Cu_2 7.78 x 10" 10.29

The concentration of electrically active Cu,-defect
the silicon wafers (Nr) is calculated by usi
value [8, I1] and are depicted in Table 1V, (
impurity concentration on the sample Cy |
consistent with the concentrations of Cu—_spi
during the contamination.

levels iy
ng the literatyre

alculateq
and Cu 2 is

ked solutiong

TABLE IV
SUMMARY OF THE CALCULATED PARAMETERS
Wafer ID Nt (cm™) op(cm?)
Cu_1 43x10" 1.02 x 10°
Cu 2 52x 10" 1.00 x 10°

IV. CONCLUSION

An explicit measurement of o,/0,, was performed for Mo and
Cu-contaminated ~ wafers  performed applying IDLS.
Electrically active Mo;" and Cu, concentrations (N) were
calculated by using the value of g, = 6 x 10" cm? and g, =
1.9 x 10" em® respectively from the literature. Measured N,
were found in accordance with the impurity concentration on
the metal spiked solution prepared for contamination.
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