EPFL Fundamentals and processes for photovoltaic devices
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EPFL - Generation/recombination in equilibrium

S PV-lab [IEA
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Recall from semiconductor physics:
In dark & equilibrium thermal carriers are created (subscript “0” denotes equilibrium)

n=n0 2
_ NopPo = N;
P = DPo

Without extraction, generated charges do not accumulate to infinity
=> in addition to thermal generation there must be recombination

Units of G and R: [cm3s]

Gin = Rep (6.1)
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EPFL Optical generation and thermalisation
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lllumination excites states deep in the bands

The distribution function f(E) is given by convolution of the

Illumination spectrum and the DOS occupation, but the carriers are not in equilibrium
(for sunlight: 6000 K => “hot carriers”)

Hot carriers interact with phonons
on a time scale of the
relaxation time t,. (fs...ps)

AE

= > Eventually they arrive at the band edges
T where they can stay for the duration of the
bulk lifetime 7, (MS ... MS)

B|BK

vB* | ¢ F(E) The process Is called thermalization,
7, resulting in a steady state between

supply of thermalizing carriers and

recombination across the bandgap

v
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=PFL Excess camier density
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Under light or with carrier injection:
steady state with excess carrier density

i = Gy o A48 np > n? (6.2)
P =po t+Ap

Definition t,,;;: average time between generation and
recombination of an e-h pair (normally much longer than relaxation time t,.)

An Ap

? Tp — ? (6.3)

Ty =

R: Recombination rate
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EPFL - Quasli Fermi-levels
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Since Ty > T,
- Treat the steady-state concentrations n and p as independent carrier populations
- Define two quasi Fermi-levels: Eg,, (for VB) and Eg,, (for CB)
- For QFLs not too close to the their band edges and T = 300 K:
apply the usual Boltzmann approximation

Note: Er,, and Ef , are sometimes called “imref’
(backwards reading of “Fermi”)
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QFL splitting

When no carriers are extracted
(semiconductor w/o contacts or solar cell at Voc):

Recombination rate R = Optical generation rate G
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An = Gt (6.4)
Dark: llluminated: With idealized contacts:
p-type semiconductor Define independent QFL splitting equal to
in thermal equilibrium quasi Fermi levels (QFLS) achievable voltage
=> unique Fermi level
CB J
. . E ng+An
Epn — Ec = =-In (%57) | Epan
o o . electron
. _ kI _A _ kI p0+ n
By — Ep = I (32) By = Epp =0 In (2200) contact | g,

i}

=y
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hole
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Lifetime measurement

« apply known generation rate G (use calibrated lamp, know your optics)
* measure An (e.g. through reflectivity of charge carrier plasma)

« determine t
- transient by exponential decay of An (e.g. flash lamp or pulsed laser)
- (quasi)-steady state, apply eg. (6.4)

e assess recombination process (in the bulk and at the surfaces)

In particular for ¢ = 1 sun, we define the implied open circuit voltage (iV,.):

Voc = (EF,n - EF,p)/q
= EC/CI + kT In (noI;'CAn) B Ev/q + kT In (po;"An) — kT In ((n0+An)gp0+An))

174 n;

(using Ec — Ey = E; and Ny N = n? exp(E,/kT)

F.-J. Haug o



EPFL Lifetime measurement in Si - The Sinton tool
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V=N
\ Flashlamp <Q>
guasi-steady state © V
e transient mode ‘

Optical generation G
=> free carrier plasma

Ref. Dlode
/ _— -

RF wave

RF coil

c.f. manual of WCT 120, Sinton Instruments
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=PFL Recombination processes in semiconductors
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= Radiative recombination by emission of a photon

= Recombination by excitation of an Auger-Meitner process

= Recombination through defect states (Shockley-Read-Hall)

= Recombination through states at the surface
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=PFLRadiative recombination
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Recombination of an electron and a hole (band to band)
* Inverse process to absorption, always present (reciprocity)
* in direct SCs: very effective (needed for LEDs and solid state lasers)

* inindirect SCs: needs phonon assistance (inverse of indirect absorption)

= . 6.5 — Intuitively proportional to n and p
e ec " Np

(13t

R,. recombination rate (index “e” for “emission”)

R,.: recombination coefficient (material parameter, related to absorption coefficient a)

Si: R, = 4.7 x 107> cm3s™1
GaAs: R,.=7x1071%cm3s™1 o
on a(T) and R,.(T) in Si:
Trupke, JAP (2003)
Nguyen, APL (2014)
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=PFL Radiative recombination -
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In thermal equilibrium (dark):
R, = Re,th = Rec - Nopo = Gepy
2

F.-J. Haug

n

(411
~.

2 I black body ] At T >0 K, there is thermal radiation

g“ (500°C) 7

£s | 1 - Radiative recombination of thermally
2, ; generated carriers (ca. 1200 nm from
| = il .

2 ) 1 carriers at the band-edges)

g Iree carriers] => inverse of fundamental absorption
W _-*" (thermal ex.) - P

09 10 11 12 13 14 15 16 o _ _
Wavelength (um) - Emission of free carrier plasmain IR

=> inverse of free carrier absorption

In steady state with illumination: net radiative recombination rate
_ _ 2
Rrad — Re _ Gth — Rec(pn o ni)
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Timans, JAP (1993)



£PFL - Radiative recombination (Example 1)
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Assume n-type solar cell material
e ny =~ Np = 10'® cm~3 (majority carriers)

e po=nf/ny~ 10* cm™3 (minority carriers)

Low injection, e.g. overcast sky: An = Ap ~ 10* cm™3

Thus: An <n,

=>n=ngandp = Ap

— def Ap — 1
Rraa = Recnolp = g => 1p = R,.ng
ec

\

constant,
not dependent on An
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=PFL Radiative recombination (Example i)
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Assume n-type material: N, ~ 10 cm™3

High injection, e.g. concentrated light:

=> An > ny and Ap > p,
=>n=Anandp = Ap

aer AP 1
Ip

Ryqq = RecAnAp

proportional ~(An)~?!

F.-J. Haug
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1072

10
10°
10°®
107

Lifetime (s)

108

10°¢
a0f .
1012

035 n-Si:
107 ¢

Np = 2x10% cm

constant 4

n-GaAs: T E
Np = 2x10*® cm™® E

I 10Il3 I 1614 I 1615 I 1016 I 1617 I 1618 I 1019
Excess carrier denstiy (cm™)

=PFL Lifetime vs. excess carrier density

(R

Assume n-type material with Np = 1016 cm™3:

SI: T rqq UP t0 20 ms (very long)

F.-J. Haug

GaAs: 1, ,qq below 1 us (efficient luminescence)

iVye = =2 — kT In (F2222) — k7 1n (B222) = 770 mV (very high!)
K q N¢c N

/Using this graph for Si, one sun:
G ~ 10° cm™3s™! (c.f. last lecture) => find An such that ¢ = An/t = 10'° cm

For Si: An =~ 2.5 x 101 cm—3s~1

Calculate QFL splitting (highest extractable voltage of a solar cell)

SL Injection level dependent lifetime

in & GaAs solar cell?
16 -1

—3c—1

Uit . o s ety
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Energy of recombination transferred to another charge carrier
Instead of a photon:

EPFL - Auger-Meitner recombination :

» electron into high CB state ()

* hole into low VB state (II)

=> hot carriers, followed by thermalization to the band edge

eeh process

—

Auger recombination rate: ~ Raug = Cpan®p + C,np?  (6.6)

hhe process

B MICRO 565 - Lecture 6: Generation/Recombination
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EPFL - Auger recombination (Example)

Assume n-type material: N, ~ 10® cm™3

* low injection (An < ngy, thusn = ny and p = py + An = An)
An An 1

Typ A == == ~
P9 Rayg  CuniAn + CyngAn?  Cpnd

T, constant,

not dependent on An

* high injection (n = An and p = An)
Ap Ap 1
T — — —
PAY " Raug  (Cp+Cp)An3  (Cp + Cp)An?

\

proportional ~(An)~?2

F.-J. Haug
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- Radiative and Auger recombination in Si 1

107 f oo e
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7L n-si
107 "
E Np = 2x10% cm

slope: -1  slope: -2
LR | rorrrrm rorrrr TrTTTITy

108 Lo

102 108 104 10° 10 107 10 10¥

Excess carrier denstiy (cm'3)

For high doping and An (> 5 x 10718 cm™3):

Ch=1x103" ecm®s™" and €, = 3 x 107! cm®s™*

For low and intermediate An:
additional effect of Coulomb enhancement (CE)

F.-J. Haug

Radiative recombination little relevant for Si
solar cells, they are limited by Auger processes

Auger processes are always relevant for high
carrier densities, regardless whether doping or
Injection (=> doped contact layers)

In PERC cells, Auger recombination is critical:

* in the emitter (high Np) and
In the local BSF (high N,)

* in thin and well passivated Si solar cells
(V. > 700 mV means An > 10%® cm™3)
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Recombination via trapping levels close to midgap

Often the most important recombination process in solar cells !

a2
ECT |
ET LTnl T L"l'p T LTn—I—LTp
Ev

Op ¥ On \ /

o, > 0y electron trap
o, & 0y, recombination centre

o, K 0y, hole trap

o, and o,,: capture cross-sections (~ 107

EPFL Shockley-Read-Hall recombination

..10717 cm?)

F.-J. Haug

Shockley, Read, Phys Rev. (1952)
Hall, Phys Rev. (1952)
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=PFL Shockley-Read-Hall recombination
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For defect states with density N, at an energy E;*

Net recombination rate Uggy [cm™3s71]:

vthNt(np — nzz)
1 1
a_p(n + nq) +J—n(P + p1)

Rsry = (6.7)

Here, we defined:
ny = NCe_(EC_Et)/kT — nle(Et—E}:)/kT
P = NVe_(Et—Ev)/kT — nie(EIi;._Et)/kT

Large o and high N; lead to strong recombination
(note: thermal velocity, v;, = 107 cms™1)

F.-J. Haug

* index “t” historically for trap state



=P SRH recombination (example I)
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Assume n-type material: N, ~ 10 cm™3

* low injection: An < ny, thus n = n,

® 0, =0Cp=0

« trap at mid-gap (E; = E;) =>n, = p; = n;
Ve NemoAn Ve NemgAn

1 1 - N
E(n0+ni)+E(An+ni) -

RSRH —

An 1

Rsru - oV Ne \
constant, not dependent on An

Tp,SRH =

B MICRO 565 - Lecture 6: Generation/Recombination
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Same assumptions but E; # E;:

Zni Et — Ei
Ap 1+ _ND cosh( T )
TSRH = =

Rsry oVen N¢

E; = E; yields worst 15z,
“window” of poor 5z Widens with doping N

In other words:

High doping can "activate" a defect far
from mid-gap

carrier lifetime [relative]

—

O aMWP,HrO0ONOOO

=P7L SRH recombination (example | ctd.)

0O 02 04E06 08 1.0
energetic depth Eq-E+ [eV]

F.-J. Haug
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=PFL SRH recombination (example )

Assume n-type material: N, ~ 10 cm™3

* high injection: An = Ap > ny,po and An = Ap > nq,p;

An An

Usru ' \
also constant,

but different value

F.-J. Haug
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EPFL Example: FeB complex
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Common impurity in p-type cast Si:

Fe, close to midgap at E; = E. — 0.38 eV (measured with DLTS)

F.-J. Haug

Here: p-type FZ material, intentionally contaminated with 3 x 104 cm~3 iron, light soaked to obtain Fe,
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Lifetime (s)

10-1§ rrrrrm rorrrT rorrTTT o R | T

e Radiative ]
) — Auger
10“ ¢
10-3 L
10-4 L
_5 |
10 . o°. ’
- B e® = 3.0x10%°
100 F =——2—a4" e 1.7x10%
F 3x10%2 cm® Fe, A 6.6x10"°
-7 Ll Ll Ll Ll Ll Ll

1012I 1013I 1014I 1015I 1016I 1017I 1018I I I:Ilil(l)lg

Excess carrier denstiy (cm‘3)

for defects close to midgap:

=> 1,0 and 7, , can be read directly
from the graph

(better: use bound fit to samples
with varied doping and Fe content)

MacDonald, JAP (2001)



=PFL Example: FeB complex .
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Relaxation in dark: Fe, + B — FeB

FeB defectat E; = E; — 0.23 eV
(shallow defect, 7, o and 7, o require fitting)

Remember: density of silicon atoms
in diamond lattice: 2.5 x 10%%2 cm™3

10" . . . . ey
— Radiative ;
2 — Auger | |
107 —_oRAL => |ess than 1 ppb of iron kills the
10 ] lifetime (less than 10 ps!)

=> lifetime spectroscopy is
extremely sensitive

Lifetime (S)
o

L 3x10%2 cm@ FeB

1012 1013 1014 1015 1016 1017 1018
Excess carrier denstiy (cm™)

=l

101 R S

B MICRO 565 - Lecture 6: Generation/Recombination
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=PFL Example: BO complex

Common impurity in p-type Cz-Si (incorporated during ingot pulling), K
defect formed during operation (here: 1 sun, 40 h)
O e
[ Auger 1.75 Qcm ] Shallow state;:
' « does not change
107} | * (other samples: can be absent)
g SRH (shallow) SRH (deep)é
= Deep state
= ok - created by light or by carrier
 trapping injection under bias
- oL => creation by recombination
IR BRI \. * N, reduced by anneal
102 10% 10 10 10 107  10'® *  N;~cg (complex of B and two O)
Injection level (cm™)
Extraction of SRH contribution: => two defects |
« very shallow E, = E;, + 0.15 eV (identified by down-turn) et Phve Rev (2004)

e deepatE; =E-—04¢eV

Schmidt, JAP (2006)
Herguth, Prog. in PV (2008)
Herguth, AIP Conf. Proc. (2018)

Enhanced lifetime at low An: artefact by trapping/release from shallow states
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- Example: BO complex

EL

102

Lifetime (s)
S

[HEN
o
A

-5

Reversible recovery of initial state by annealing

L SRH (shallow)

B-doped Cz p-Si 1
1.75 Qcm ]

SRH (deep)

1012I

| trapping

Ll Ll Ll LLiL

1613' 1514' 1615' 1616' 1517' ”'1”618

Injection level (cm™)

Mitigation:

pull ingot into Ar ambient

reduce turbulence in the melt (O can still come from crucible)
use Ga doping (or n-type material)

deactivate defect (combine injection, high T, hydrogen)

F.-J. Haug

Schmidt, JAP (1999)

Schmidt, Phys. Rev. (2004)
Schmidt, JAP (2006)

Herguth, Prog. in PV (2008)
Herguth, AIP Conf. Proc. (2018)



=PFL Recombination processes

S PV-lab [IEA
IEM NEUCHATEL

The total recombination rate is the sum of multiple processes

=> |nverse lifetimes are additive

1 1 N 1 N 1
Thulk Trad TAuger TSRH

oo

Radiative Auger SRH

(6.8)

B MICRO 565 - Lecture 6: Generation/Recombination

F.-J. Haug



=L Photoluminescence imaging ;
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Radiative emission only visible when other recombination mechanisms are weak
Bright areas in PL image <=> “good material”

IR light source
for uniform G (x)
e.g 808 nm

Low pass filter
to reflect laser
e.g 850 nm

Si emission at = 1100 nm
bT imaging Inc. (spin-off of UNSW)



EPFL i itati .
ot PL imaging (qualitative)

®
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Qualitative evaluation: dark areas indicate low lifetimes

brick centre |

1y i L S <
., \ ¢

brick corner

Corner: impurities POCI; diffusion: SIN, firing: release
from crucible walls gettering of impurities H to passivate
grain boundaries

B MICRO 565 - Lecture 6: Generation/Recombination
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=PFL PL Iimaging (quantitative) "

IEM NEUCHATEL :
Quantitative evaluation 7 n-type Cz, texture etched
needs careful calibration: ;s
Bl g
PL-intensity ~ rate of » : ]
R . = o |
spontaneous emission: 5 B . gé
=N, E |
Tom = a(hw) X «——abs. coeff. ; |
(nhw)? :
< X < Density of statesof p-type Cz, texture etched
E m2h3c2 black body ~(hw)? %
5 1 —~
S _3& 8 <
&3 exp{(hw—AEg)/kT}-1 % §U
5 Bl >
5 o & B
& 8 3 .2
- AEr~In(An) T i =\
= iVoe ~In(An) 0
wirfel, J. Phys. C (1982) Hallam, JAP (2014)
O
=



=PFL - Surface recombination
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Wafer surface <=> abrupt ending of crystal lattice usually creates states within gap
ldeal p-SC with ¢
CB - - -
EF,n )
EF,p D

vp t o+ +

Define surface recombination rate: R¢ = SAng

image: PV-education

S: surface recombination velocity (SRV)

B MICRO 565 - Lecture 6: Generation/Recombination

F.-J. Haug



E=PFL - Surface recombination rate
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Treat analogously to SRH recombination in bulk:

VenDig (nsps — nlz)

1
(ns + nl) + o (ps + pl)
n

Rs.sri =7 (6.9)

Op

D;;: Surface state density [cm™?]

as before:

Tl1 — Nce_(EC_Et)/kT — nle(Et—E};)/kT
pl = NVe_(Et_EV)/kT — nle(E}"_Et)/kT

B MICRO 565 - Lecture 6: Generation/Recombination
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Surface recombination: example

Assume n-Si, low An, midgap surface state and n, = n and p; = p (flat bands)

nsAna,

Rs srp (ns, ps) = VinDir = Ano, v Dyt

S

Similar to definition of lifetime:

Rs sru (n,p)
Sp — An — O-pvthDit

S: surface recombination velocity (recombination parameter, no real velocity)

Typical values
S,~ 0.1...50 cm/s (SiO,, SIN, a-Si)
S, ~ 10%-10° cm/s at the emitter front side of solar cells (with ng ~10%° cm3)

F.-J. Haug
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=PFL Example: continuous D, of Si/SI0, interface .
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-+
-+

equilibrium p-type
semiconductor

F.-J. Haug

b) c) d)
E A
t t CB
- -
- -
- -
ki + L+
Y i - f
B
a3 w2 1 f
v + +
B B g . B~ _ B g ; m
| B- . } | fn
" SCR | + - SCR |+ VB
- drop e~ from D;; above Ey QFL splitting (light) QFL distribution
- fixed charge of SiO, repels h* =>charge D;, with e~ fns. at interface

(interesting for n-Si)



EPFL. Extended SRH formalism "
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Use Q¢, D;¢(E) (band tails with flat centre), 0,,(E), 0,,(E) (Gaussian)

Determine E at interface through charge neutrality
Calculate Ug sgyy by integration of E over E,

_ 1x10* 10%
< »w
> 2 —— ]
Q £ e N m 3.4x10% 1
= 1x10M " ]
= X e 8.2x10
o %‘ 103 |k A 6.3x10% :
a o i v 1.2x10%
1x10'° o 31x10% ]
_Ixaot S 3.4x10" |
N
) (]
£ 1x101 =102k
(&) y— 3
~ -15 =
g 1x10 c:,;
o 1x10Y7 =
'(I_) LLI
1x10*° 1

06 -04 -02 00 02 04 06 10t 102 10 10%  10% 10
Energy (eV) Injection level (cm®)

Model provides:
- midgap D;; =~ 1.5 x 10*% cm™2%eV 1

- oxide fixed charge Q; ~ 2.5 x 10** cm™ Glunz, JAP (1999)
Aberle, JAP (1992)

Knobloch, EU-PVSEC (1988)
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EPFL  Effective surface recombination

b PV-lab

3 00
IEM NEUCHATEL

B MICRO 565 - Lecture 6: Generation/Recombination

oxide passivated surface Schottky contact
CB
EF,n EE,n
j  black box J black box
Erp Er,
VB

Define U, at edge of space charge region (last known place before band bending starts)

RS = SeffATl(X = d)

qSeffAn(x =d) = CIUS(TI, p) =jsurf

Se 7 effective surface recombination velocity

jsurf: surface recombination current

F.-J. Haug



=PFL Effective lifetime }

IEM NEUCHATEL

For the lifetime, recombination in bulk and at the surface are equivalent => combine all

terms
1 1 1

— - —
Teff Thulk  Tsurf

1 1 1 1
= ( i i ) i

Trad  TAuger  TSRH Tsurf

F.-J. Haug

Two limiting cases:
« Badly passivated surfaces

1 (W)\?
Tsurf—g P

 Well passivated surfaces

w

T i
surf Sfront+5rear

B MICRO 565 - Lecture 6: Generation/Recombination

Sproul, JAP (1994)



EPFL Key takeway

IEM NEUCHATEL

= radiative recombination: fundamental process
= Auger recombination: relevant for Si, esp. contact regions
= SRH recombination: critical for some impurities (keep Fe in ¢c-Si < 1ppb)

= surface recombination:
« chemical passivation: saturate bonds e.g. H or SiO, on Si
- field effect passivation: fixed charge (positive in SIO, and SINX, negative in AlOx)

B MICRO 565 - Lecture 6: Generation/Recombination
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=PFL Exercise: Lifetime measurement “
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m
E 4l T lllumination with IR light 1 > 900 nm
N
£ 5l '
5 N => almost uniform G = 10'° cm™3s~1
e

200 | o rate B Assume you measured

40 — ) ) 16 _3 ..
T ool |Cm snm)? - An = 10-° cm™ by RF reflectivity,
2 ol 1.0x10% R what is the minority lifetime 7?2
3 100 F 1.0x10% -
§ 120 b 1.0x10%° i
A 140} 1.0x10% i

160 - 1.0x10'®

180 |- 1.0x10%7 i

200 | L | L 1 PRETIT ERETTTT BT

400 600 800 1000 1018 104!
Wavelength (nm) G(1/cm?®s)

‘P_L Lifetime measurement in Si - The Sinton tool

Flashiamp .
~ + quasi-steady state
+ transient mode

Optical generation
=> free carrier plasma

_~ Ref. Diode

.’ 2
_— Wafer -

RF wave

+ RF coil z I
M. Seckze hnmene .

B MICRO 565 - Lecture 6: Generation/Recombination
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=PFL Injection level dependent lifetime .

IEM NEUCHATEL

[ ]
F.-J. Haug

= Whatis the iV, in a GaAs solar cell?

{2« Typical doping: N, =8x 10 cm™3
%1021 ~ i
@ 1020 2 ¢ .]SC 30 sz
E e e d~2um
D 110°
E ;1017855 ]
110 1. Estimate G = q_d ~ 5% 10%2 cm—3s~1
{10 . . —
ol S o 2. find corresponding An =~ 3 x 10> cm™3

Injection level (cm™)

AEF — E _I_ 1 ((ND+ATL)) + - ln ((p0+An)) _ Eln ((ND+An)(p0+An))

Ne Ny q n?
-t Llfeﬂme\s. excess carrier density
" — 6 - 3 o : "_____ "_ N _E Assum fype material with Ny = 10" em—*:
Remember: n; gaas = 1.8 X 10° cm A P I
. o : GaAS 1 g balow 1 s (afficent luminescence)

iVoc = 1.16 V i
(in record devices up to 1.12 V with photon recycling) For .- 25

P
Caloul ELE QFL spiiting (highast E:'.'II'EC‘ISEHE voltage of a solar cell)
e = 22— g I (D), _ o (O 770 mV {very high!)

B MICRO 565 - Lecture 6: Generation/Recombination
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EPFL
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B MICRO 565 - Lecture 6: Generation/Recombination

Exercise: iVoc

N,y ~ 1.6 x 1016 cm™3

Initial (or recovered): FeB

10‘15 AL 10%

F —— Auger 5 ]

| —— SRH1 _o” G ] =~
102 - - - Bulk o 710% ",

F 1 0:)

: e
—~103L 5 19
i,,/10 ﬁﬂﬂ@ 107 ©

Q

(D] —

£ 10%E 10 8

= c

2 { o

— 10°F 110" 'S

Q] ] Q

6 -1016 S
10°k :

0 ] E O

I 3x10%? cm™® FeB ]

-7 REPUTI ETEN A BT BRI BT BRI B 1015

1012 1013 1014 1015 1016 1017 1018 1019
Carrier density (cm™)

Mgy, ~ 4.5 x 1013 cm™3s71
: . k_T (Np+An) (po+An)
iVoe = Eg + - In (—Nc ) l (—NV

iVoc =~ 590 mV

) — le ((ND+An)(po+An)) -
n

Light soaked: Fe,

101 . . . . . . 10

Auger
102t~ - - Bulk 110%°

Lifetime (s)
P B =
© 9 o

=
o
(o)}
=
Q,
o]
Generation rate (cm'3s'1)

d
]

15

1012 1013 1014 1015 1016 1017 1018 1019
Carrier density (cm™)

Angy, ~ 1.5 x 1013 cm™3s71
=r. Example: FeB complex

Redaxation in dark: Fe + 8 — FeB
FeB defect at £, = B, —0.23 eV

2
i

iVoc =~ 560 mV

(shallow defact, +,,, and r, , reguire fitting)

F.-J. Haug

Remember: density milllml' T'S
n dismand lattice: I'.|"\.'|:|'

== h2gs than 1 ppb of ron kil the
melure (le== than 10 us!)

= lifetime speciroscopy 5
extremely sensithe

= e o
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