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Ceramic capacitor

From Wikipedia, the free encyclopedia

A ceramic capacitoris a fixed value capacitor in which ceramic material acthasdielectric. It is constructed of
two or more alternating layers of ceramic and a metal layBngas the electrodes. The composition of the
ceramic material defines the electrical behavior and foezeapplications. Ceramic capacitors are divided into
two application classes:

= Class 1 ceramic capacitors offer high stability and lowéssfer resonant circuit applications.

= Class 2 ceramic capacitors offer high volumetric efficiefar buffer, by-pass, and coupling applications.

Ceramic capacitors, especially the multilayer style (M)CaZe the most produced and used capacitors in Fixed leaded disc and

. . . . - . - . Itil i it
electronic equipment that incorporate approximately oifien pieces (1000 billion pieces) per ye[é}. ?,:/LIJL('%/)H ceramic capactiors

Ceramic capacitors of special shapes and styles are usegasitors for RFI/EMI suppression, as feed-through
capacitors and in larger dimensions as power capacitotsafiasmitters.
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= 9 References

History

Since the beginning the study of electricity non conducthagerials like glass, porcelain, paper and

mica have been used as insulators. These materials songeddater were also well-suited for further Y _ o
use as the dielectric for the first capacitors. Porcelais tlia precursor in case of all capacitors now Qﬁ ii_ﬂ f Q QﬂE}E
belonging to the family of ceramic capacitors. Historic ceramic capacitors

Even in the early years of Marconi's wireless transmittipgaatus porcelain capacitors were used for
high voltage and high frequency application in the trantrst On receiver side the smaller mica capacitors were fesedsonant circuits. Mica
dielectric capacitors were invented in 1909 by William Oligvi Prior to World War I, mica was the most common dielécfor capacitors in the

United States!!

Mica is a natural material and not available in unlimitedmfitees. So in the mid-1920s the deficiency of mica and theeeience in porcelain in
Germany led to the first capacitors using ceramic as digtedbunding a new family of ceramic capacitors. Paraeietitanium dioxide (rutile)
was used as the first ceramic dielectric because it had arlbeenperature dependence of capacitance for temperatmmgensation of resonant
circuits and can replace mica capacitors. 1926 these cer@pacitors were produced in small quantities with indngpguantities in the 1940s.
The style of these early ceramics was a disc with metalbmadn both sides contacted with tinned wires. This style gtesithe transistor and was
used extensively in vacuum-tube equipment (e.g., radieivecs) from about 1930 through the 1950s.

But this paraelectric dielectric had relatively low petimity so that only small capacitance values could be realiZThe expanding market of
radios in the 1930s and 1940s create a demand for higheritapaevalues but below electrolytic capacitors for HF dgdimg applications.
Discovered in 1921, the ferroelectric ceramic materiallmartitanate with a permittivity in the range of 1,000, abtart times greater than

titanium dioxide or mica, began to play a much larger rolel@c&onic applicationél.][z]

The higher permittivity resulted in much higher capacitamalues, but this was coupled with relatively unstabletdlead parameters. Therefore
these ceramic capacitors only could replace the commoely msca capacitors for applications where stability was iegortant. Smaller
dimensions, as compared to the mica capacitors, lower ptioucosts and independence from mica availability acaéde their acceptance.

The fast-growing broadcasting industry after the Seconddar drove deeper understanding of the
crystallography, phase transitions and the chemical arahamecal optimization of the ceramic materials. Througt
the complex mixture of different basic materials, the eleat properties of ceramic capacitors can be precisely
adjusted. To distinguish the electrical properties of secacapacitors, standardization defined several differen
; application classes (Class 1, Class 2, Class 3). It is reabégkthat the different development during the War and
y the time afterwards in the US and the European market had teatifferent definitions of these classes (EIA vs
4 IEC) and only recently since 2010 a worldwide harmonizatmthe IEC standardization takes place.

_ _ The typical style for ceramic capacitors beneath the disth@ time called condensers) in radio applications at
Ceramic tube capacitor, the  the time after the War from the 1950s through the 1970s wasaartie tube covered with tin or silver on both the

typical style of ceramic inside and outside surface. It included relatively longrtieials forming, together with resistors and other
capacitors in the 1950s and  components, a tangle of open circuit wiring.
1970s

The easy-to-mold ceramic material facilitated the devalept of special and large styles of ceramic capacftrs
high-voltage, high-frequency (RF) and power applications

IV capacitors, were developed using doped ferroelectriaroes. Because this doped material was not suitable t
produce multilayers, they were replaced decades later by &f&ss 2 capacitors. The early style of the ceramic g5
disc capacitor can be cheaper produced than the commonicdtdre capacitors in the 1950s and 1970s. It was
an American company in the midst of the Apollo program, ldettin 1961, pioneered the stacking of multiple
discs to create a monolithic block. This “multi-layer ceramapacitor” (MLCC) was compact and offered high-

With the development of semiconductor technology in theGk9barrier layer capacitors, or IEC class 3/EIA cIaSEﬂ —

capacitance capacito@.The production of these capacitors using the tape castidgammic-electrode cofiring
processes was a great manufacturing challenge. MLCCs dggddhe range of applications to those requiring
larger capacitance values in smaller cases. These ceraipicapacitors were the driving force behind the : =
conversion of electronic devices from through-hole magtd surface-mount technology in the 1980s. PolarlzedMLCCS as decouplmg
electrolytic capacitors could be replaced by non-polarieeramic capacitors, simplifying the mounting. As of capacitors around a

2012, more than 8 MLCCs were manufactured each yéjdrAIong with the style of ceramic chip capacitors, microprocessor

ceramic disc capacitors are often used as safety capaicitelsctromagnetic interference suppression

applications. Besides these, large ceramic power capaéiohigh voltage or high frequency transmitter applicas are also to be found. New
developments in ceramic materials have been made witHemntielectric ceramics. This material has a nonlineafembelectric/ferroelectric
phase change that allows increased energy storage witarhighumetric efficiency. They are used for energy stordgegxample, in detonators)
(4]
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Application classes, definitions

The different ceramic materials used for ceramic capagifmaraelectric or ferroelectric ceramics, influencesdlieetrical characteristics of the
capacitors. Using mixtures of paraelectric substancescbas titanium dioxide results in very stable and linear b@haf the capacitance value
within a specified temperature range and low losses at hegfubncies. But these mixtures have a relatively low péimitytso that the
capacitance values of these capacitors are relatively.grigher capacitance values for ceramic capacitors carithmad by using mixtures of
ferroelectric materials like barium titanate togethetvgpecific oxides. These dielectric materials have muchérigermittivities, but at the same
time their capacitance value are more or less nonlineartbegtemperature range, and losses at high frequencies atetgher. These different
electrical characteristics of ceramic capacitors reguioegroup them into “application classes”. The definitidritee application classes comes
from the standardization. As of 2013, two sets of standami®\n use, one from International Electrotechnical Corsiois(IEC) and the other
from the now-defunct Electronic Industries Alliance (EIA)

Unfortunately the definitions of the application classe®g in the two standards are different. The following tadliews the different definitions
of the application classes for ceramic capacitors:

Different definitions of application classes for ceramic epacitors

Definition regarding to

IEC/EN 60384-1 Definition regarding to

and IEC/EN 60384-8/9/21/22 EIARS-198
Class 1ceramic capacitors Class I (or written class 1) ceramic capacitors
offer high stability and low losses for resonant circuioffer high stability and low losses for resonant circuit
applications. application
Class Il (or written class 2) ceramic capacitors
Class 2ceramic capacitors offer high volumetric efficiency with change of
offer high volumetric efficiency capacitance lower than -15% to +15% and a
for smoothing, by-pass, coupling and decoupling temperature range greater than -55 °C to +125 °C,
applications for smoothing, by-pass, coupling and decoupling
applications

Class Il (or written class 3) ceramic capacitors
offer higher volumetric efficiency than EIA class 1|
and typical change of capacitance by -22% to +56%

over a lower temperature range of 10 °C to 55 °C.
They can be substitute with EIA class 2- Y5U/Y5V
or Z5U/Z5V capacitors

Class IV (or written class 4) ceramic capacitors
- are barrier layer capacitors which are not
standardized anymore

Class 3ceramic capacitors
are barrier layer capacitors which are not
standardized anymore

Manufacturers, especially in the US, preferred Electrémitistries Alliance (EIA) standards. In many parts veryikinto the IEC standard, the
EIA RS-198 defines four application classes for ceramicaciiprs[.5]

The different class numbers within both standards are theorefor a lot of misunderstandings interpreting the classdptions in the datasheets

of many manufacturetél’) The EIA ceased operations on February 11, 2011, but the f@ewtors continue to serve international
standardization organizations.

In the following, the definitions of the IEC standard will peeferred and in important cases compared with the defirstof the EIA standard.

Class 1 ceramic capacitors

Class 1 ceramic capacitors are accurate, temperatureectmafing capacitors. They offer the most stable voltagepéeature, and to some extent,
frequency. They have the lowest losses and therefore aeeiadlp suited for resonant circuit applications wherégity is essential or where a
precisely defined temperature coefficient is requiredefample in compensating temperature effects for a cirthié basic materials of class 1

ceramic capacitors are composed of a mixture of finely gidagranules of paraelectric materials such as Titanium d@xTiO,), modified by
additives of Zinc, Zirconium, Niobium, Magnesium, TantaluCobalt and Strontium, which are necessary to achieveapadaitor’s desired linear

characteristic&I]

The general capacitance temperature behavior of classatiteqs depends on the basic paraelectric material, fanpleTiO,. The additives of
the chemical composition are used to adjust precisely tegatbtemperature characteristic. Class 1 ceramic capatiave the lowest volumetric
efficiency among ceramic capacitors. This is the resulhefrelatively low permittivity (6 to 200) of the paraelectmaterials. Therefore, class 1
capacitors have capacitance values in the lower range.
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Ceramic materials for class 1 ceramic capacitors

Chemical- Relative permittivity T:Org?fggt#trs )
formula £ 105K
MgNb,Og 21 -70
ZnNb,Og 25 -56
MgTa,Oq 28 18
ZnTa,04 38 9

(ZnMg)TiO, 32 5
(Zrsn)Tio, 37 0
Ba,TigO,0 40 2

Class 1 capacitors have a temperature coefficient thapisaly fairly linear with temperature. These capacitoasd very low electrical losses
with a dissipation factor of approximately 0.15%. They umggeno significant aging processes and the capacitance iahearly independent of
the applied voltage. These characteristics allow appdinatfor high Q filters, in resonant circuits and oscillat¢for example, in phase-locked
loop circuits).

The EIA RS-198 standard codes ceramic class 1 capacitdiutiitree character code that indicates temperature cieetfid he first letter gives
the significant figure of the change in capacitance ovepenature (temperature coefficieutin ppm/K. The second character gives the
multiplier of the temperature coefficient. The third lettgves the maximum tolerance from that in ppm/K. All ratirege from 25 to 85 °C:

Class 1-ceramic capacitors
letter codes for temperature coefficientar referring to EIA-RS-198

Temperature coefficienta Multiplier Tolerance

10 9/ of the temperature coefficient of the temperature coefficient
Letter code Number code Letter code

C: 0.0 0:-1 G: £30
B:0.3 1:-10 H: 60
L:0.8 2:-100 J: £120
A:0.9 3:-1000 K: +250
M: 1.0 4: +1 L: 500
P:1.5 6: +10 M: £1000
R:2.2 7: +100 N: £2500
S:3.3 8: +1000
T.4.7
V:5.6
u:7.5

In addition to the EIA code, the temperature coefficientha tapacitance dependence of class 1 ceramic capacitoramsanly expressed in
ceramic names like “NP0Q”, "N220" etc. These names includadmperature coefficient]. In the IEC/EN 60384-8/21 standard, the temperatur:
coefficient and tolerance are replaced by a two digit lattefe (see table) in which the corresponding EIA code is added
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Class 1-ceramic capacitors
Ceramic names, temperature coefficients, o tolerances and letter codes fou
referring to IEC/EN 60384-8/21 and EIA-RS-198

names 108 /K 10°/K class code code
P100 100 +30 1B AG M7G
NPO 0 +30 1B CG CO0G
N33 -33 +30 1B HG H2G
N75 =75 +30 1B LG L2G
N150 -150 +60 1B PH P2H
N220 -220 +60 1B RH R2H
N330 -330 +60 1B SH S2H
N470 -470 +60 1B TH T2H
N750 =750 +120 1B uJ u2J
N1000 -1000 +250 1F QK Q3K
N1500 -1500 +250 1F VK P3K

For instance, an “NP0” capacitor with EIA code “COG” will e drift, with a tolerance of £30 ppm/K, while an "N1500" vihe code "P3K"
will have —1500 ppm/K drift, with a maximum tolerance of £2ppm/°C. Note that the IEC and EIA capacitor codes are iinggspacitor codes
and not the same as military capacitor codes.

Class 1 capacitors include capacitors with different tenmjpee coefficients.. Especially, NPO/CG/COG capacitors with @r010 © /K and ana
tolerance of 30 ppm are technically of great interest. €lwapacitors have a capacitance variation dC/C of +0.54¥%imthe temperature range
-55to +125 °C. This enables accurate frequency resporaeaovide temperature range (in, for example, resonantitdjcihe other materials
with their special temperature behavior are used to congtemscounter temperature run of parallel connected conmp®fike coils in oscillator
circuits. Class 1 capacitors exhibit very small tolerarafetbe rated capacitance.

Idealized curves of different class 1 ceramic capacitors ahrepresentation of the tolerance range of temperature coéitient a

Idealized curves of representation of
different class 1 the tolerance range
ceramic capacitors of temperature
coefficienta

Class 2 ceramic capacitors

Class 2 ceramic capacitors have a dielectric with a high jgvity and therefore a better volumetric efficiency

ACIC,

than class 1 capacitors, but lower accuracy and stabilitg. deramic dielectric is characterized by a nonlinear o ] { -
change of capacitance over the temperature range. Theitzapacvalue also depends on the applied voltage. ‘[ f/ AT
They are suitable for bypass, coupling and decoupling eattins or for frequency discriminating circuits where = *
low losses and high stability of capacitance are less inaparfhey typically exhibit microphony. 0 7 - S

@ ' |
Class 2 capacitors are made of ferroelectric materials asdfarium titanate (BaTi§) and suitable additives such =~ =0 ————— \L'L:‘ =2
as aluminium silicate, magnesium silicate and aluminium@xThese ceramics have high to very high Temperature (]
permittivity (200 to 14,000), which depends on the fielegstyth. Hence the capacitance value of class 2 Class 2 ceramic capacitors
capacitors is nonlinear. It depends on temperature andgetpplied. Additionally class 2 capacitors age over  with their typical tolerances
time 8! of the temperature dependent

capacitance (colored areas)
However, the high permittivity supports high capacitanakigs in small devices. Class 2 capacitors are
significantly smaller than class 1 devices at the equabreégacitance and voltage. They are suitable for applicatioat require the capacitor to
maintain only a minimum value of capacitance, for examplefgrsing and filtering in power supplies and coupling andalgpling of electric
signals.
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Class 2 capacitors are labeled according to the change acitapce over the temperature range. The most widely ussdifitation is based on
the EIA RS-198 standard and uses a three-digit code. Thefiesacter is a letter that gives the low-end operating &zatpre. The second gives
the high-end operating temperature, and the final chargotes capacitance change over that temperature range:

Letter code
low temperature

X = -55 °C (-67 °F)
Y =-30 °C (=22 °F)
Z=+10 °C (+50 °F)

Class 2 ceramic capacitors
Code system regarding to EIA RS-198 for some temperature rages and inherent change of capacitance

Number code

upper temperature

4 = +65 °C (+149 °F)
5 = +85 °C (+185 °F)

6 = +105 °C (+221 °F)

7
8
9

= +125 °C (+257 °F)
= +150 °C (+302 °F)
= 4200 °C (+392 °F)

Letter code

change of capacitance
over the temperature range

P =+10%

R=%15%

S=122%
T =+22/-33%
U = +22/-56%
V = +22/-82%

For instance, a Z5U capacitor will operate from +10 °C to +85with a capacitance change of at most +22% to -56%. An X fRaitor will
operate from —55 °C to +125 °C with a capacitance changé mbat +15%.

Some commonly used class 2 ceramic capacitor materialsstad below:

» X8R(-55/+150,AC/C, = +15%),

x X7R(-55/+125 °CACIC, = +15%),

» X5R(-55/+85 °CAC/C, = +15%),

x X7S(-55/+125 AC/C, = £22%)),

» Y5V/(-30/+85 °CAC/C, = +22/-82%),
» Z5U (+10/+85 °CACIG, = +22/-56%),

The IEC/EN 60384 -9/22 standard uses another two-digiecod

Code system regarding to IEC/EN 60384-9/22 for some tempetae ranges and inherent change of

Code for
capacitance change

2B
2C
2D
2E
2F
2R
2X

capacitance

Max. capacitance | Max. capacitance

change change
AC/CjatU=0 | AC/CjatU=U

+10% +10/-15%

+20% +20/-30%
+20/-30% +20/-40%
+22/-56% +22/-70%
+30/-80% +30/-90%

+15% -

+15% +15/-25%

Code for Temperature
temperature range range
1 -55 ... +125°C
2 -55 ... +85 °C
3 -40 ... +85 °C
4 -25...+85°C
5 (-10 ... +70) °C
6 +10... +85°C

In most cases it is possible to translate the EIA code intdEZEN code. Slight translation errors occur, but normat tolerable.

= X7R correlates witl2X1
= Z5U correlates witlRE6

= Y5V similar to2F4, aberrationAC/C, = +30/-80% instead of +30/-82%

= X7S similar to2C1, aberrationAC/C, = +20% instead of +22%

= X8R no IEC/EN code available

Because class 2 ceramic capacitors have lower capacitaogeaay and stability, they require higher tolerance.

For military types the class 2 dielectrics specify temperature charactei&€) but not temperature-voltage characteristic (TV@hiBr to
X7R, military type BX cannot vary more than 15% over tempamatand in addition, must remain within +15%/-25 % at maximrated voltage.

Type BR has a TVC limit of +15%/-40&nbsp
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Class 3 ceramic capacitors

Class 3 barrier layer or semiconductive ceramic capaditave very high permittivity, up to 50,000 and therefore ddratolumetric efficiency
than class 2 capacitors. However, these capacitors hasewtectrical characteristics, including lower accurawy stability. The dielectric is
characterized by very high nonlinear change of capacitameethe temperature range. The capacitance value adaltiatepends on the voltage
applied. As well, they have very high losses and age over.time

Barrier layer ceramic capacitors are made of doped ferctddenaterials such as barium titanate (Bag)QAs this ceramic technology improved
in the mid-1980s, barrier layer capacitors became availimbValues of up to 100 uF, and at that time it seemed thatdbeld substitute for
smaller electrolytic capacitors.

Barrier layer ceramic capacitor

Conductive
ceramic

Capacitive
grain boundary,
electrical isolated

Because it is not possible to build multilayer capacitorhihis material, only leaded single layer types are offénetie market!10 (111

As of 2013 Barrier layer capacitors are considered obsastenodern class 2 multilayer ceramics can offer higheratgraes and better
performance in a more compact package. As a consequense dhgacitors are no longer standardized by IEC.

Construction and styles

Basic structure of ceramic capacitors

Construction of a Construction of a
multilayer ceramic ~ ceramic disc
chip capacitor capacitor
(MLCC), 1=
Metallic
electrodes, 2 =
Dielectric ceramic,
3 = Connecting
terminals

Ceramic capacitors are composed of a mixture of finely gidayranules of paraelectric or ferroelectric materials rappately mixed with other
materials to achieve the desired characteristics. Frosethewder mixtures, the ceramic is sintered at high tempe®tThe ceramic forms the
dielectric and serves as a carrier for the metallic eleesodhe minimum thickness of the dielectric layer, whichaetp(P013) for low voltage

capacitors is in the size range of 0.5 micrométéis limited downwards by the grain size of the ceramic powdie thickness of the dielectric
for capacitors with higher voltages is determined by théedieic strength of the desired capacitor.

The electrodes of the capacitor are deposited on the cetaygicby metallization. For MLCCs alternating metallizegtamic layers are stacked
one above the other. The outstanding metallization of theteldes at both sides of the body are connected with thactimg terminal. A
lacquer or ceramic coating protects the capacitor againitture and other ambient influences.

Ceramic capacitors come in various shapes and styles. Saime most common are:

= Multilayer ceramic chip capacitor (MLCC), rectangulard¢hofor surface mounting

= Ceramic disc capacitor, single layer disc, resin coatetl thiough-hole leads

= Feedthrough ceramic capacitor, used for bypass purpo$eghrfrequency circuits. Tube shape, inner metallizationtacted with a lead,
outer metallization for soldering

= Ceramic power capacitors, larger ceramic bodies in diffesbapes for high voltage applications
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Some different styles of ceramic capacitors for use in eleinic equipment

=
c | T
Multilayer ceramic  Ceramic disc Feedthrough High voltage
chip capacitor  capacitor (single ceramic capacitor ceramic power
(MLCC) layer) capacitor

Multi-layer ceramic capacitors (MLCC)

Manufacturing process

Detailed Samples of
construction of a multilayer ceramic
multilayer ceramic  chip capacitors
chip capacitor
(MLCC).
1. Ceramic
dielectric,
2. Ceramic or
lacquered coating,
3. Metallized
electrode,
4. Connecting
terminals

An MLCC consists of a number of individual capacitors stattagether in parallel and contacted via the terminal segache starting material
for all MLCC chips is a mixture of finely ground granules ofrpalectric or ferroelectric raw materials, modified by aately determined

additives'? These powdered materials are mixed homogeneously. Theasitiop of the mixture and the size of the powder particlesraall
as 10 nm, reflect the manufacturer's expertise.

A thin ceramic foil is cast from a suspension of the powdehwisuitable binder. This foil is rolled up for transport. Oited again, it is cut into
equal-sized sheets, which are screen printed with a mettd pBhese sheets become the electrodes. In an automatedgrthese sheets are
stacked in the required number of layers and solidified l®spure. Besides the relative permittivity, the size andbarrof layers determines the
later capacitance value. The electrodes are stacked irte@anating arrangement slightly offset from the adjoiniagdrs so that they each can
later be connected on the offset side, one left, one right.[@fered stack is pressed and then cut into individual compis. High mechanical
precision is required, for example, to produce a 500 or nayerlstack of size "0201" (0.5 mm x 0.3 mm).

After cutting, the binder is burnt out of the stack. This iBdwed by sintering at temperatures between 1,200 and I’@5ffoducing the final,
mainly crystalline, structure. This burning process aesdhe desired dielectric properties. Burning is followgdalkeaning and then metallization
of both end surfaces. Through the metallization, the endglaminner electrodes are connected in parallel and thecitapgets its terminals.
Finally a 100% measuring of the electrical values will be e@land the taping for automated processing in a manufactdexige are performed.
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8 ) 4"
A -
Powder milling Foil casting Inner electrode printing Stacking

!

by ik
= " "da

s .
Tumbling 4 Sintering 4= ginder burn out 4= cuting 4= Lamination

Termination dipping Termination plating 100 % Testing/inspection Taping

Miniaturizing
The capacitance formul&} of a MLCC capacitor is based on the formula for a plate capaeinhanced with the number of layers:
n-A
C=c . —=
d

wheres stands for dielectric permittivityd for electrode surface area; n for the number of layers;ddfiod the distance between the electrodes.

A thinner dielectric or a larger electrode area each in@¢as capacitance value, as will a dielectric T ITIIE

material of higher permittivity. Capacitance

——
With the progressive miniaturization of digital electrosin recent decades, the components on the L o
periphery of the integrated logic circuits have been scd®un as well. Shrinking an MLCC involves cw:-'l' ' :
reducing the dielectric thickness and increasing the numblayers. Both options require huge efforts Eictrose 100 4F %
and are connected with a lot of expertise. —

‘\"P‘F 1400 layers

In 1995 the minimum thickness of the dielectric was 4 um. B922some manufacturers produced sl

1995 = 4,7 uF 2005 = 100 uF

MLCC chips with layer thicknesses of 1 um. As of 2010, theimimm thickness is about 0.5 u[r]ﬂ.The
field strength in the dielectric increased to 35 Vlﬂ‘rﬂ.

The size reduction of these capacitors is achieved redyzingler grain size, the assumption to make the ceramic ldlygnser. In addition, the
manufacturing process became more precisely controltethag more and more layers can be stacked.

Between 1995 and 2005, the capacitance of a Y5V MLCC capatfittize 1206 was increased from 4uF to 100uF.[14] Meanwhile (2013) a lot
of producers can deliver class 2 MLCC capacitors with a citgguaae value of 10QF in the chip-size 08085!

MLCC case sizes

Surface-mount components like MLCCs are cheaper, bechagdave no leads and a little bit smaller than their couattsith leads, and they
need no holes in the PCB, a second reduction of costs. Thaleaigned to be handled by machines rather than by humaresjuoe costs.

MLCCs are manufactured in standardized shapes and sizesrfgrarable handling. Because the early standardizatisrdaminated by
American EIA standards the dimensions of the MLCC chips vgéaiadardized by EIA in units of inches. A rectangular chighwie dimensions
of 0.06 inch length and 0.03 inch width is coded as “0603” sTdode is international and in common use. JEDEC (IEC/EN)isdd a second,
metric code. The EIA code and the metric equivalent of themomsizes of multilayer ceramic chip capacitors, and thesdsions in mm are
shown in the following table. Missing from the table is theawere of the height "H". This is generally not listed, beesthe height of MLCC
chips depends on the number of layers and thus on the capaeitdormally, however, the height H does not exceed thehwidt
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Table of the dimension codes and the corresponding dimensie of MLCC chip capacitors

EIA Dimensions IEC/EN | Dimensions EIA Dimensions | IEC/EN Dimensions
Drawing inch LxW metric LxW inch LxW metric LxW
code inch x inch code mm X mm code inch x inch code mm X mm
01005 SO 0402 04x02 1806  0.18x0.063 4516 45%x16
015015 = 0.016 x 0.016 0404 0.4x0.4 1808  0.18x0.079 4520 482
0201 | 0.024 x 0.012 0603 0.6x0.3 1812  0.18x0.13 4532 45x3.2
0202 0.02 x 0.02 0505 0.5x0.5 1825  0.18x0.25 4564 45x6.4
0302 0.03x0.02 0805 0.8x0.5 2010  0.20 x 0.098 5025 50x25
0303 0.3x0.03 0808 0.8x0.8 2020  0.20x0.20 5050 5.08 X 5.08
0504 = 0.05x0.04 1310 1.3x1.0 2220 QR 5750 5.7 x 5.0
0402 | 0.039 x 0.020 1005 1.0x0.5 2225  0.225x0.25 5664/5764 7 X 6.4
Dimensions LxWxH of 0603 | 0.063 x 0.031 1608 1.6x0.8 2512  0.25x0.13 6432 6.4x3.2
the multi-layer ceramic 0805 = 0.079x0.049 2012 2.0x1.25 2520  0.25x0.197 6450 6.8 x5.
chip capacitors 1008 = 0.098 x0.079 2520 2.5x2.0 2920  0.29 x 0.197 7450 7.4 x50
1111 0.11x0.11 2828 2.8x2.8 3333  0.33x0.33 8484 8.38 X 8.3¢
1206 = 0.126 x 0.063 3216 32x16 3640  0.36x0.40 9210 9.210.1
1210  0.126 x0.10 3225 3.2x25 4040 0.4x0.4 100100  10.2x 10.;
1410 0.14 x 0.10 3625 3.6x25 5550 0.55x 0.5 140127  14.0x12.
1515 0.15x0.15 3838 3.81x3.81 8060 0.8x0.6 203153  20.3% 15.

NME and BME metallization

Influence of the metallization on the voltage dependence of7R ceramic multilayer chip capacitors

Structure of the  Influence of the
electrodes and the NME respectively
NME respectively BME metallization
BME metallization for class 2 X7R
of the terminals of MLCC chips on

MLCC cchips the voltage
dependence of
capacitance.

A particular problem in the production of multilayer ceranship capacitors at the end of the 1990s was a strong pricedse of the metals used
for the electrodes and terminals. The original choices wegenon-oxidizable noble metals silver and palladium witiah withstand high
sintering temperatures of 1200 to 1400 °C. They were c4NBdE" (Noble Metal Electrode) and offered very good elecdtiproperties to class 2
capacitors. The price increase of these metals greatlgased capacitor prices.

Cost pressures led to the development of BME (Base Metateldes) using the much cheaper materials nickel and cdb?;er.

But BME metallization produced different electrical projes; for example, the voltage dependence of X7R capaaditereased significantly
(see picture). Even the loss factor and the impedance tahaftlass 2 ceramic capacitors were lessened by BME nettitin.

For class 2 ceramic capacitors, because of their use incaiplns where it is usually not very important for the stiapif the electrical
properties, these negative changes, for cost reasonsfinaltg accepted by the market, while the NME metallizatisas maintained in the class
1 ceramic capacitors.

MLCC capacitance ranges

Capacitance of MLCC chips depends on the dielectric, thea the required voltage (rated voltage).
Capacitance values start at about 1pF. The maximum capeeitalue is determined by the production technique.
For X7R that is 47 pF, for Y5V: 100 pF.
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The picture right shows the maximum capacitance for clasgllctass 2 multilayer ceramic chip capacitors. The £= S H
following three tables, for ceramics NPO/COG and X7R edshfdr each common case size the maximum =, L
available capacitance value and rated voltage of the lgadamufacturers Murata, TDK, KEMET, AVX. (Status  } o
2013) ,q ]
Maximum capacitance values of class 1 NPO/C0OG MLCC chips
Case size, EIA Code LS
Dimensions in mm e capacaunce e
Rated- 0201 0402 0603 0805 1206 1210 1812 Maximal available
voltage 0,03 10x05 | 16x0.8  20x1.2  32x1.6  3.2x25  45x3p  Capaciance valuesof MLCC
: Chips. (Status Jan. 2010)
Max. capacitance
25V 100 pF 2.2nF 15 nF 47 nF 100 nK 220 nF -
50V 220 pF 1.5nF 6.8 nF 33 nF 100 nK 150 nF 220 nF
100 V - 1nF 4.7 nF 15 nF 47 nF 100 nK 150 nF
250V - - 680 pF 2.2 nF 6.8 nF 15 nF 47 nF
630V - - - - 3.3nF 6.8 nF 22 nF
1000 V - - - 120 pf - 680 pF 2.2nF
Maximum capacitance values of class 2-X7R-MLCC chips
Case size, EIA Code
Dimensions in mm
\'/?O?::gé 01005 0201 0402 0603 0805 1206 1210 1812 2220
0.25x0.12| 0.5x0.3 1.0x0.5 1.6x0.8 2.0x1.2 3.2x1.6 3.2x2465x3.2| 5.7x5.0
Max. capacitance
6.3V - - 1.0uF 22pF  10pF - 47 uF - -
10V 1.5nF 10nF | 680nF 22puF 10uF  22uF 47 pF -
16V - 47nF | 220nF 470nF 47pF  10pF  22uF  33uF 47 pF
25V 1.5nF 33nF 100nF 470nF 22pF  47QuF  10pF 22 uFOpR
50 V - 1.5nF 100nF 10pF 47nF 10pF  22puF  22puF  22pF
100 V - - 47nF 100nF 047 uF 22pF 22uF 22uF 47 pF
250V - - — 2.2 nF 22 nF 100nF 220nF 0.47 pF 1.0 pF
630V - - — - - 33 nF 68 nF 0.1 pF  0.22 pF
1000 V - - - - - 4.7 nF 22 nF 47 nk 100 nF
2000V - - - - - - - 4.7 nF 10 nK

Low-ESL styles

Comparison of different MLCC designs

&y Ly

Standard MLCC Low-ESL design MLCC chip array

chip design of a MLCC chip

In the region of its resonance frequency, a capacitor hakdbedecoupling properties for noise or electromagnetarfierence. The resonance
frequency of a capacitor is determined by the inductanchetbmponent. The inductive parts of a capacitor are surmethimn the “ESL”, the

“equivalent series inductance L”. The smaller the inductathe higher the resonance frequency.

Because, especially in digital signal processing, swilgliiequencies have continued to rise, the demand for hegtufncy decoupling or filter
capacitors increases. With a simple design change the ES8IMMCC chip can be reduced. Therefore the stacked electayéesonnected on the
longitudinal side with the connecting terminations. Thaduces the distance that the charge carriers flow over gntretles, which reduces

inductance of the compone[r]l?.]

For example, the result for X7R with 0.1 uF in the size of Q80ith a resonance frequency of about 16 MHz increases tot&®MHz if the
chip has a 0508-size with terminations at the longitudirdg.s
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Another possibility is to form the device as an array of cépes. Here, several individual capacitors are built in enowon housing. Connecting
them in parallel, ESL as well as ESR of the components areeatied in parallel reduces the resulting ESL and ESR value.

X2Y decoupling capacitor

X2Y decoupling capacitor

X2Y decoupling Inner construction Schematic circuit Circuit diagram of

capacitors with of a X2Y of a X2Y a X2Y capacitor in
different case sizes capacitor capacitor a decoupling
circuit

A standard multi-layer ceramic capacitor has many opposiagtrode layers stacked inside connected with two outanitations. The X2Y
ceramic chip capacitor however is a 4 terminal chip devicie.donstructed like a standard two-terminal MLCC out of stecked ceramic layers
with an additional third set of shield electrodes incorpedan the chip. These shield electrodes surround eachirexilectrode within the stack
of the capacitor plates and are low ohmic contacted with tlditeonal side terminations across to the capacitor teations. The X2Y

construction results in a three-node capacitive circait frovides simultaneous line-to-line and Iine-to-groﬁhelring.[18][19][2()]

Capable of replacing 2 or more conventional devices, the ¥X@Mmic capacitors are ideal for high frequency filteringoise suppression of
supply voltages in digital circuits, and can prove invaleah meeting stringent EMC demands in dc motors, in autoreptiudio, sensor and

other application&1?2]

The X2Y footprint results in lower mounted inductarltd. This is particularly of interest for use in high-speed digircuits with clock rates of
several 100 MHz and upwards. There the decoupling of thigitheal supply voltages on the circuit board is difficultrealize due to parasitic
inductances of the supply lines. A standard solution witivemtional ceramic capacitors requires the parallel useasfy conventional MLCC

chips with different capacitance values. Here X2Y capasitme able to replace up to five equal-sized ceramic capan the pcedl
However, this particular type of ceramic capacitor is penso these components are still comparatively expensive

An alternative to X2Y capacitors may be a “three-terminqiazator.[ZS]

Mechanical susceptibility

Ceramic is on the one hand a very solid material; on the othed hit breaks even at relatively low mechanical stress. MicBips as surface-
mounted components are susceptible to flexing stresses giay are mounted directly on the substrate. They are betgkeen soldered joints on
the printed circuit board (PCB), and are often exposed tchangical stresses, for example, if vibration or a bump imp#w circuit board. They
are also more sensitive to thermal stresses than leadecooemis. Excess solder fillet height can multiply thesessies and cause chip cracking.

Of all influencing factors, causing a mechanical shocksstite the PCB proved to be the most critical &% The reason is that forces induced by
those kinds of stresses are more or less transmitted undehpethe components via the PCB and solder joints.

MLCC chips — correct mounted — cracked chip — substrate bendig test

Correct mounted  Micrograph of  Simplified figure
and soldered  broken ceramic in of a bending test
MLCC chipon a a MLCC chip for soldered
PCB MLCC

The capability of MLCC chips to withstand mechanical striegested by a so-called substrate bending test. Here, B&&twith a soldered
MLCC chip between two support points is bent by a punch at i leaigth of 1 to 3mm. The path length depends on the requirentieat come
out from the application. If no crack appears, the capasioe able to withstand the wanted requirements. Crackssaadlyidetected by a short
circuit or a change of the capacitance value in the deflestiziz.
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The bending strength of the MLCC chip differs by the propeftthe ceramic, the size of the chip and the design of the é¢apacwithout any
special design features, NPO/COG class 1 ceramic MLCC chigsh a typical bending strength of 2mm while larger typeX @R, Y5V class 2

ceramic chips achieved only a bending strength of appraeindamm. Smaller chips, such as the size of 0402, reachellitypas of ceramics
larger bending strength values.

With special design features, particularly by special giesif the electrodes and the terminations, the bendinggttieran be improved. For
example, an internal short circuit arises by the contactvofeélectrodes with opposite polarity, which will be prodda the break of the ceramic
in the region of the terminations. This can be prevented vtheroverlap surfaces of the electrodes are reduced. Thihiewed e.g. by an "Open
Mode Design“ (OMD). Here a break in the region of the termiova only reduce the capacitance value a little bit (AVX, KEW).

Different MLCC constructions to minimize mechanical stress

Standard MLCC ,Open-Mode- "Floating- "Flex-
chip, short circuit Design“ MLCC  Electrode-Design“- Termination" -
possible if ceramic chip, a break only MLCC, a break  MLCC chips, a

breaks due to reduces the only reduces the flexible contact
mechanical stress capacitance value capacitance value layer prevents
breaking of the

ceramici2”]

With a similar construction called "Floating Electrode i@ (FED) or "Multi-layer Serial Capacitors" (MLSC), alsonly capacitance reduction
results if parts of the capacitor body break. This consimaotvorks with floating electrodes without any conductivannection to the termination.

A break doesn’t lead to a short, only to capacitance reducki@wever, both structures lead to larger designs withaetsjp a standard MLCC
version with the same capacitance value.

The same volume with respect to standard MLCCs is achieveldintroduction of a flexible intermediate layer of a cootive polymer

between the electrodes and the termination called "FleXileirminations” (FT-Cap) or "Soft Terminations". In thisnstruction, the rigidnetallic

soldering connection can move against the flexible polylager, and thus can absorb the bending forces, withouttieguih a break in the
icl28]

ceramic:

RFI/EMI suppression ceramic capacitors

RFI/EMI suppression ceramic capacitors

a C .»-i - V&

Typical ceramic disc Ceramic feedthrough Multilayer ceramic
capacitor for EMI/  capacitor for noise  capacitor (MLCC)
RFI suppression for filtering
safety standard
classes X1/Y2

Mainly because of their nonflammability in case of shortuit and their compatibleness against high peak ovenedtéigansient voltage),
ceramic capacitors are often used as AC line filters fortedetagnetic Interference (EMI) or radio Frequency Intexfece (RFI) suppression.
These capacitors, also known as safety capacitors, arekccomponents to reduce or suppress electrical noise ddysthe operation of
electrical or electronic equipment, while also providimgited protection against human endanger during shortiite.c

Suppression capacitors are effective interference remucomponents because their electrical impedance dexs@ath increasing frequency, so
that at higher frequencies they short circuit electricas@@nd transients between the lines, or to ground. Thegfitrer prevent equipment and
machinery (including motors, inverters, and electronidasss, as well as solid-state relay snubbers and sparkchees) from sending and
receiving electromagnetic and radio frequency interfeeeas well as transients in across-the-line (X capacitord)iae-to-ground (Y capacitors)
connections. X capacitors effectively absorb symmetrizalanced, or differential interference. Y capacitors@menected in a line bypass

between a line phase and a point of zero potential, to absgrhraetrical, unbalanced, or common-mode interferéfieg i3]
RFI/EMI suppression with X- and Y-capacitors for equipment without and with additional safety insulation

:—- __J-l_:] — Case
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- Appliance Class Il capacitor connection
IR e

[
% ¢:i:_L—':m

Appliance Class 1: Case connecied to slecirioal sart iground)

Appliance Class | capacitor connection

EMI/RFI suppression capacitors are designed so that angingmy interference or electrical noise does not exceedirtfits of EMC directive

EN 5008132 Suppression components are connected directly to maiteyeolor 10 to 20 years or more and are therefore exposeddatjity
damaging overvoltages and transients. For this reasoprasgion capacitors must comply with the safety and namfflability requirements of
international safety standards such as

= Europe: EN 60384-14,

= USA: UL 1414, UL 1283

= Canada: CSA C22.2, No.1, CSA C22.2, No.8
» China: CQC (GB/T 14472-1998)

RFI capacitors that fulfill all specified requirements argrinted with the certification mark of various nationafsty standards agencies. For
power line applications, special requirements are placetth® non-flammability of the coating and the epoxy resinnegmating or coating the
capacitor body. To receive safety approvals, X and Y powertated capacitors are destructively tested to the pbiatilare. Even when
exposed to large overvoltage surges, these safety-rapetitars must fail in a fail-safe manner that does not enelapgrsonnel or property.

As of 2012 most ceramic capacitors used for EMI/RFI suppoassere leaded ones for through-hole mounting on a PB4 the surface-
mount technique is becoming more and more important. Feréa@son, in recent years a lot of MLCC chips for EMI/RFI s@ggion from

different manufacturers have received approvals andlifalfirequirements given in the applicable standdrgSoIBelETIse]

Ceramic power capacitors

Different styles of ceramic capacitors for power electrong

Doorknob style  Disc style power  Tubular or pot
high voltage ceramic capacitor  style power
ceramic capacitor ceramic capacitor

Although the materials used for large power ceramic capecihostly are very similar to those used for smaller onesyie capacitors with high
to very high power or voltage ratings for applications in powystems, transmitters and electrical installationofen classified separately, for
historical reasons. The standardization of ceramic cémador lower power is oriented toward electrical and medte parameters as
components for use in electronic equipment. The standatidizof power capacitors, contrary to that, is stronglyuf®d on protecting personnel
and equipment, given by the local regulating authority.

As modern electronic equipment gained the ability to hapdleer levels that were previously the exclusive domain
of "electrical power" components, the distinction betwéen"electronic” and "electrical” power ratings has becom
less distinct. In the past, the boundary between these tmiiés was approximately at a reactive power of 200 volt-
amps, but modern power electronics can handle increasiogrsiof power.

Power ceramic capacitors are mostly specified for mucherigian 200 volt-amps. The great plasticity of ceramic
raw material and the high dielectric strength of ceramidivelesolutions for many applications and are the reasons i : f
for the enormous diversity of styles within the family of pemceramic capacitors. These power capacitors have bee,a,:r@Wer ceramic capacitors
on the market for decades. They are produced according tetherements as class 1 power ceramic capacitors  in g radio-frequency

with high stability and low losses or class 2 power ceramjzacéors with high volumetric efficiency.

transmitter station
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Class 1 power ceramic capacitors are used for resonantt@pplication in transmitter stations. Class 2 power cecasapacitors are used for
circuit breakers, for power distribution lines, for highiteme power supplies in laser-applications, for inducfiomaces and in voltage-doubling

circuits. Power ceramic capacitors can be supplied with heged voltages in the range of 2 kV up to 100 RS,

The dimensions of these power ceramic capacitors can bdargeg. At high power applications the losses of these capaaian generate a lof
heat. For this reason some special styles of power cerampaxciars have pipes for water-cooling.

Electrical characteristics

Series-equivalent circuit

All electrical characteristics of ceramic capacitors cartbfined and specified by a series equivalent circuit
composed out of an idealized capacitance and additionetriei@l components, which model all losses and R isot

inductive parameters of a capacitor. In this series-edgmiaircuit the electrical characteristics of a capasiier ﬁ | Resn  Les
defined by

C
= C, the capacitance of the capacitor, Series-equivalent circuit
* R, the insulation resistance of the dielectric, not to be usafl with the insulation of the housing model of a ceramic capacitar

* R the equivalent series resistance, which summarizes mliclosses of the capacitor, usually

abbreviated as “ESR”.
» L, the equivalent series inductance, which is the effecteisductance of the capacitor, usually abbreviated &8l"E

The use of a series equivalent circuit instead of a paradieivalent circuit is defined in IEC/EN 60384-1.

Capacitance standard values and tolerances

The “rated capacitance”Cor “nominal capacitance” gis the value for which the capacitor has been designed. Tiualazapacitance depends

on the measuring frequency and the ambient temperatumed@tdized conditions for capacitors are a low-voltage A@sneing method at a
temperature of 20 °C with frequencies of

= Class 1 ceramic capacitors
= C; <100 pF at 1 MHz, measuring voltage 5 V

= C > 100 pF at 1 kHz, measuring voltage 5 V

= Class 2 ceramic capacitors
= C; <100 pF at 1 MHz, measuring voltage 1 V

= 100 pF < G; <10 pF at 1 kHz, measuring voltage 1 V
= Cy>10 pF at 100/120 Hz, measuring voltage 0.5 V
Capacitors are available in different, geometrically @asing preferred values as specified in the E series s@smdpecified in IEC/EN 60063.

According to the number of values per decade, these weredddle E3, E6, E12, E24, etc. series. The units used to spegBcitor values
includes everything from pico-farad (pF), nano-farad(mhigrofarad (uF) and farad (F).

The percentage of allowed deviation of the capacitance frmated value is called capacitance tolerance. The acdpalcitance value must be
within the tolerance limits, or the capacitor is out of sfieation. For abbreviated marking in tight spaces, a lattete for each tolerance is

specified in IEC/EN 60062.

Tolerances of capacitors and their letter codes

. Tolerance
E series Cr > 10 pF Letter code Cg <10 pF Letter code
E96 1% F 0.1 pF B
E48 2% G 0.25 pF c
E24 5% J 0.5 pF b
E12 10% K 1pF F
E6 20% M 2 pF G
-20/+50% S - .
E3
-20/+80% z - .
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The required capacitance tolerance is determined by thepar application. The narrow tolerances of E24 to E96 kgl used for high-quality
class 1 capacitors in circuits such as precision osciliadod timers. On the other hand, for general applications asaon-critical filtering or
coupling circuits, for class 2 capacitors the tolerancéesef12 down to E3 are sufficient.

Temperature dependence of capacitance

Capacitance of ceramic capacitors varies with temperafure different dielectrics of the many capacitor types skjogat differences in
temperature dependence. The temperature coefficienpregsed in parts per million (ppm) per degree Celsius fasclaceramic capacitors or
in percent (%) over the total temperature range for claspaditors.

Temperature coefficients of some often used capacitors

Type of capacitor, Temperature coefficient Application
dielectric material AC/C temperature range
Ceramic capacitors class|1 o _ o
paraelectric NPO 130 ppm/K (+0.5%) 55...+125 °C
Ceramic capacitors class 2, o _ o
ferroelectric X7R +15% 55...+125°C
Ceramic capacitors class 2, +229% | -82% _30. 485 °C

ferroelectric Y5V

Frequency dependence of capacitance

Most discrete capacitor types have greater or smaller dapae changes with increasing frequencies. The dietectri p

strength of class 2 ceramic and plastic film diminishes wighng frequency. Therefore their capacitance value rs‘f: { "
decreases with increasing frequency. This phenomenotatedeto the dielectric relaxation in which the time & : [~ ‘
constant of the electrical dipoles is the reason for theueegy dependence of permittivity. The graph on the right =, N _
hand side shows typical frequency behavior for class 2 \wsdacapacitors. \\, l
gud 11 10|
1 10 100

Fuque:lz?ru[kuz!
Frequency dependence of
capacitance for ceramic
X7R and Y5V class 2
capacitors (curve of NPO
class 1 for comparisation)

Voltage dependence of capacitance

Capacitance of ceramic capacitors may also change withegipgltage. This effect is more prevalent in class 2

ceramic capacitors. The ferroelectric material dependsempplied voItagE‘.O][“] The higher the applied voltage,
the lower the permittivity. Capacitance measured or agpligh higher voltage can drop to values of -80% of the
value measured with the standardized measuring voltagéar@.0 V. This behavior is a small source of
nonlinearity in low-distortion filters and other analogpipations. In audio applications this can be the reason for

harmonic distortions. ) sponmneons () dcric
1.Low-Bias
Vio | Veo-av

Voltage dependence of capacitance for some different cla@xeramic capacitors &6 )6 . B

GND GHD
2.Hi-Bias
”‘“-m\ | v | Via-av
——— i T . L | ot o o AV e e
| =t _| = \\\1 G .
= it e | 1
GND GHND

DC Bias characteristic of

Simplified diagram Simplified diagram ferroelectrics ceramic

of the change in  of the change in materials
capacitance as a capacitance as a
function of the  function of applied
applied voltage for voltage for X7R
25-V capacitors in  ceramics with
different kind of different rated
ceramic grades voltages

The voltage dependence of capacitance in the both diagraove ahows curves from ceramic capacitors with NME mettilim. For capacitors
with BME metallization the voltage dependence of capaciancreased significant[§?][43][44][45]
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Voltage proof

For most capacitors, a physically conditioned dielectiiersgth or a breakdown voltage usually could be specifiegéah dielectric material and
thickness. This is not possible with ceramic capacitorg Biteakdown voltage of a ceramic dielectric layer may vapetieling on the electrode
material and the sintering conditions of the ceramic up tacadr of 10. A high degree of precision and control of proggsameters is necessary
to keep the scattering of electrical properties for todegty thin ceramic layers within specified limits.

The voltage proof of ceramic capacitors is specified agratétage (UR). This is the maximum DC voltage that may beicowusly applied to
the capacitor up to the upper temperature limit. This guaehvoltage proof is tested according to the voltages shiowhre table on the right.

Furthermore, in periodic life time tests (endurance te$is voltage proof of ceramic capacitors is tested with iaseg test voltage (120 to 150%
of Ug) to ensure safe construction.

Test voltages related to IEC 60384-8/21/9/22
to test safe construction

Style Rated voltage Test voltage
) Ug<100V 2.5Ug
Ceramic-
multilayer 100V <URp <200V | 1.5Up+100V
chi
capacri)tors 200V <UR <500V 1.3Ugz+100V
(MLCC) 500 V <Up 1.3Up
single layer- Ur <500V 2.5Ug

ceramic capacitors Ug > 500 V 1.5Uy +500 V

Impedance

The frequency dependent AC resistance of a capacitor isccamlipedanc.Z and is a complex ratio of voltage to current in
an AC circuit. Inpedance extends the concept of ohm's lanGaitcuits, and possesses both magnitude and phase ata *— < —+—
particular frequency, unlike resistance, which has onlgmitade. =

ImA
Impedance is a measure of the ability of the capacitor to alssating currents. In this sense impedance can be uged li
Ohms law '

_ i _Usc
Z = - Tnc’

to calculate either the peak or the effective value of theemiror the voltage.

As shown in the series-equivalent circuit of a capacitce,ral component includes an ideal capac”pan inductanc,
and a resistoR. Simplified series-

equivalent circuit of
a capacitor for
higher frequencies
(above); vector
diagram with
electrical reactances

1 X_ESL and X_C
el and resistance ESR
and for illustration
the impedance Z
and dissipation
factor tand

To calculate the impedan¢z:the resistance and the both reactances have to be addedtgealiye

Z=\/ESR + (Xc + (X))’
wherein the capacitive reactance (Capacitance) is
Xe=
and an inductive reactance (Inductance) is
X; =wlgst.

In the special case of resonance, in which both reactiveteggies have the same valX- = X;), then the impedance
will only be determined b ESR.
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Typical curves of the
impedance of X7R and
NPO-MLCC-Chips

Data sheets of ceramic capacitors only specify the impedaragnitudeZ. The typical impedance curve shows that with increasingufeacy,
impedance decreases, down to a minimum. The lower the impedthe more easily alternating currents can pass thrdwgbapacitor. At the
minimum point of the curve, the point of resonance, whegeh¥s the same value ag Xhe capacitor exhibits its lowest impedance value. Here

only the ohmic ESR determines the impedance. With freqasredbove the resonance, impedance increases again dud®lthe

ESR, dissipation factor, and quality factor

The summarized losses in ceramic capacitors are ohmic A23$0®C losses are specified as "leakage current" or “itisgleesistance” and are
negligible for an AC specification. These AC losses are inealr and may depend on frequency, temperature, age, asdrf@ special types, on
humidity. The losses result from two physical conditions,

= |line losses with internal supply line resistances, theadmesistance of the electrode contact, the line resistahthe electrodes
= the dielectric losses out of the dielectric polarzation

The largest share of these losses in larger capacitorsadlyithe frequency dependent ohmic dielectric losses. Ritggithe IEC 60384-1
standard, the ohmic losses of capacitors are measured sdrteefrequency used to measure capacitance. These are:

= 100 kHz, 1 MHz (preferred) or 10 MHz for ceramic capaaitaith C; < 1 nF:
= 1 kHz or 10 kHz for ceramic capacitors with 1 nF g €10 uF
= 50/60 Hz or 100/120 Hz for ceramic capacitors with 10 pF

Results of the summarized resistive losses of a capacitpheapecified either as equivalent series resistance (E&RJissipation factor (DF,
tand), or as quality factor (Q), depending on the applicatioruregments.

Class 2 capacitors are mostly specified with the dissipdtiator, tans. The dissipation factor is determined as the tangent oféhetanceX -
Xt and the ESR, and can be shown as the abiletween the imaginary and impedance axes in the above \@éiatgam, see paragraph
“Impedance”.

If the inductanc¢ESL is small, the dissipation factor can be approximated as:
tand = ESR-wC

Class 1 capacitors with very low losses are specified witlssightion factor and often with a quality factor (Q). Theality factor is defined as
the reciprocal of the dissipation factor.

1L _fo

Q= tand B

The Q factor represents the effect of electrical resistagog characterizes a resonator's bandwBitelative to its center or resonant frequency
fo. A high Q value is a mark of the quality of the resonance foomesit circuits.

In accordance with IEC 60384-8/-21/-9/-22 ceramic capagiinay not exceed the following dissipation factors:
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Dissipation factor tan &
for class 1ceramic capacitors
with C,, >50 pF

Temperature coefficient Maximum

of the ceramic dissipation factor
100> a > -750 tand <15+ 10*
-750> o > 1500 tand <20+ 10
-1500> a > -3300 tand <30« 104
-3300> o > -5600 tand <40+ 10*
<-5600 tand <50« 10

For capacitance values < 50 pF
the dissipation factor may be larger

Dissipation factor tan &
for class 2 ceramic capacitors
with C, >50 pF

Rated voltage maximum
of the capacitor | dissipation factor

>10V tand <350 « 10*

For capacitance values < 50 pF
the dissipation factor may be larger

The ohmic losses of ceramic capacitors are frequency, teye and voltage dependent. Additionally, class 2 capagieasurements change

because of aging. Different ceramic materials have diffglosses over the temperature range and the operatingfregurhe changes in class 1
capacitors are in the single-digit range while class 2 ciéagacave much higher changes.

HF use, inductance (ESL) and self-resonant frequency

Electrical resonance occurs in an ceramic capacitor atteplar resonance frequency where the imaginary partseo€#tpacitor impedance and
admittances cancel each other. This frequency wherisds high as Xis called the self-resonant frequency and can be calculeited

1
VLC

wherew = 2xf, in whichf is the resonance frequency in Hettzs the inductance in henries, a@ids the capacitance in farads.

The smaller the capacitance C and the inductance L the higlttez resonance frequency. The self-resonant frequertiog iswest frequency at
which impedance passes through a minimum. For any AC apiplicthe self-resonant frequency is the highest frequeheshéch a capacitor can
be used as a capacitive component. At frequencies abovesbhaance, the impedance increases again due to ESL: thdtoapacomes an
inductor with inductance equal to capacitor's ESL, ancstasce equal to ESR at the given frequency.

ESL in industrial capacitors is mainly caused by the leadkiaternal connections used to connect the plates to thédeutsorld. Larger
capacitors tend to higher ESL than small ones, becausestendes to the plate are longer and every millimeter ineeesluctance.

Ceramic capacitors, which are available in the range of sewgll capacitance values (pF and higher) are already obeaf$maller capacitance
values suitable for higher frequencies up to several 10 #ide formula above). Due to the absence of leads and ptgxorthe electrodes,
MLCC chips have significantly lower parasitic inductanhar f. e. leaded types, which makes them suitable for higegquency applications. A
further reduction of parasitic inductance is achieved hytacting the electrodes on the longitudinal side of the afsgead of the lateral side.

Sample self-resonant frequencies for one set of NPO/CO@a@adet of X7R ceramic capacitors &9

10pF | 100pF  1nF | 10nF 100nF 1pF
COG (Class 1) 1550 MHz 460 MHz 160 MHz 55 MHz
X7R (Class 2) 190 MHz 56 MHz 22 MHz 10 MHz

Note that X7Rs have better frequency response than COGs. It nsaksg, however, since class 2 capacitors are much smaliecldss 1, so they
ought to have lower parasitic inductance.
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Aging

In ferroelectric class 2 ceramic capacitors capacitancesdses over time. This behavior is called “aging”. Aging
occurs in ferroelectric dielectrics, where domains of paktion in the dielectric contribute to total polarizatio iy .
Degradation of the polarized domains in the dielectric dases permittivity over time so that the capacitance of °'[~l———

class 2 ceramic capacitors decreases as the componerﬁ‘fﬂé@%.

A0

= 2

\4\‘:\'
1]

The aging follows a logarithmic law. This law defines the d&se of capacitance as a percentage for a time T wm e wm v
decade after the soldering recovery time at a defined testymey, for example, in the period from 1 to 10 hours at =
20 °C. As the law is logarithmic, the percentage loss of capace will twice between 1 h and 100 h and 3 times

between 1 h and 1000 h and so on. So aging is fastest neaggitning, and the capacitance value effectively ~ C€"amic capacitors compared
stabilizes over time. with NPO-Class 1 ceramic

capacitor

Aging of different Class 2

The rate of aging of class 2 capacitors mainly depends on #terials used. A rule of thumb is, the higher the
temperature dependence of the ceramic, the higher the pgiegntage. The typical aging of X7R ceramic capacitorbdsit2.5% per decade

49 The aging rate of Z5U ceramic capacitors is significantfyhieir and can be up to 7% per decade.

The aging process of class 2 capacitors may be reversed bgdtee component above the Curie péﬁh.

Class 1 capacitors do not experience ferroelectric agkegdiass 2's. But environmental influences such as highgpeeature, high humidity and
mechanical stress can, over a longer period of time, leacdtoadl irreversible decline in capacitance, sometimes@ddied aging. The change of
capacitance for P 100 and N 470 Class 1's is lower than 1%6afmcitors with N 750 to N 1500 ceramics iKi2%.

Insulation resistance and self-discharge constant

The resistance of the dielectric is never infinite, leadingome level of DC “leakage current”, which contributeseti-slischarge. For ceramic
capacitors this resistance, placed in parallel with theacipr in the series-equivalent circuit of capacitors diied “insulation resistance,R".

The insulation resistance must not be confused with ther tadkation with respect to the environment.
The rate of self-discharge with decreasing capacitor gelfallows the formula
u(t) = Up-e /™,
With the stored DC voltagl, and the self-discharge constant
Ty = Rips - C'
That means, aftes capacitor voltagl/y dropped to 37% of the initial value.

The insulation resistance given in the uniﬂMlO6 Ohm) as well as the self-discharge constant in seconds iaariant parameter for the
quality of the dielectric insulation. These time valuesiamportant, for example, when a capacitor is used as timimgpzment for relays or for
storing a voltage value as in a sample and hold circuits oratipmal amplifiers.

In accordance with the applicable standards, Class 1 cer@apacitors have an,R> 10,000 M2 for capacitors with g < 10 nF ort > 100 s for
capacitors with @ > 10 nF. Class 2 ceramic capacitors have gaR4,000 M2 for capacitors with g < 25 nF ort,> 100 s for capacitors with
Cr>25nF.

Insulation resistance and thus the self-discharge tineearat temperature dependent and decrease with increasipgrigture at about 1 & per
60 °C.

Dielectric absorption (soakage)
Dielectric absorption is the name given to the effect by Wtaaapacitor, which has been charged for a long time, digelsasnly incompletely.
Although an ideal capacitor remains at zero volts aftertdisge, real capacitors will develop a small voltage comingiftime-delayed dipole

discharging, a phenomenon that is also called dielecti@xation, "soakage" or "battery action".

Values of dielectric absorption for some often used

capacitors
Type of capacitor Dielectric Absorption
Class-1 ceramic capacitors, NPO 0.3t00.6%
Class-2 ceramic capacitors, X7R 2.0t02.5%
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In many applications of capacitors dielectric absorpt®nat a problem but in some applications, such as long-tiomstant integrators, sample-
and-hold circuits, switched-capacitor analog-to-digitaaverters and very low-distortion filters, it is impantethat the capacitor does not recover
a residual charge after full discharge, and capacitors lathabsorption are specified. The voltage at the terminatsegated by dielectric
absorption may in some cases possibly cause problems initiséidn of an electronic circuit or can be a safety risk taespanel. In order to

prevent shocks, most very large capacitors like power d¢aa@re shipped with shorting wires that are removed leetieel>"]
Microphony

All class 2 ceramic capacitors using ferroelectric ceramixhibit piezoelectricity, and have a piezoelectric dftedled microphonics,
microphony or in audio applications squealﬁﬁ.Microphony describes the phenomenon wherein electromgponents transform mechanical

vibrations into an electrical signal which in many casesidasired nois€?! Sensitive electronic preamplifiers generally use clasaghcitors to
avoid this effect.

In the reverse microphonic effect, the varying electritdfieetween the capacitor plates exerts a physical forceingdkiem as a speaker. High
current impulse loads or high ripple currents can genenadéte acoustic sound coming from the capacitor, but disggethe capacitor and

stresses the dielectrit’]

Soldering
Ceramic capacitors may experience changes to their elakcparameters due to soldering stress. The heat of therdmitie, especially for SMD

styles, can cause changes of contact resistance betwegnakrand electrodes. For ferroelectric class 2 ceranpaditors, the soldering
temperature is above the Curie point. The polarized donmaitie dielectric are going back and the aging process o daramic capacitors is

starting agaiﬁz.]

Hence after soldering a recovery time of approximately 24r&its necessary. After recovery some electrical paraméker capacitance value,
ESR, leakage currents are changed irreversibly. The claargen the lower percentage range depending on the stybgpafcior.

Additional information

Standardization

The standardization for all electrical, electronic computs and related technologies follows the rules given byrtte¥national Electrotechnical
Commission (IEC},54] a non-profit, non-governmental international standargamizatiorﬁs][%]

The definition of the characteristics and the procedurdeftést methods for capacitors for use in electronic equip@r® set out in the generic
specification:

= |EC 60384-1, Fixed capacitors for use in electronic equipta@art 1: Generic specification

The tests and requirements to be met by ceramic capacitousédn electronic equipment for approval as standardigeestare set out in the
following sectional specifications:

= |EC 60384-8, Fixed capacitors of ceramic dielectric, Class
= |EC 60384-9, Fixed capacitors of ceramic dielectric, Class
= |EC 60384-21, Fixed surface mount multilayer capacitorsesbimic dielectric, Class 1
= |EC 60384-22, Fixed surface mount multilayer capacitorsesbimic dielectric, Class 2

Tantalum capacitor replacement

Multilayer ceramic capacitors are increasingly used téar@ptantalum and low capacitance aluminium electrolydigacitors in applications such
as bypass or high frequency switched-mode power supplifeascost, reliability and size becomes competitive. Imgnapplications, their low

ESR allows the use of a lower nominal capacitance VRideBlseleo]61]

Features and disadvantages of ceramic capacitors

For features and disadvantages of ceramic capacitors saeartiale Types of capacitor#Capacitor features compass
Marking

Imprinted markings

If space permits ceramic capacitors, like most other edaatrcomponents, have imprinted markings to indicate theufacturer, the type, their
electrical and thermal characteristics and their date afufacture. In the ideal case, if they are large enough, thadasor will be marked with:
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= manufacturer's name or trademark;

= manufacturer's type designation;

= rated capacitance;

= tolerance on rated capacitance

= rated voltage and nature of supply (AC or DC)

= climatic category or rated temperature;

= year and month (or week) of manufacture;

= certification marks of safety standards (for safety EMIVREppression capacitors)

Page 22

Smaller capacitors use a shorthand notation, to displakieltelevant information in the limited space. The most camiynused format is: XYZ
J/KIM VOLTS V, where XYZ represents the capacitance (catad as XY x 16 pF), the letters J, K or M indicate the tolerance (5%, +10%

and £20% respectively) and VOLTS V represents the workiritage.

Examples

= A capacitor with the following text on its bod{:05K 330V has a capacitance of 10 XSlﬁF =1 uF (K =110%) with a working voltage of

330 V.

= A capacitor with the following text473M 100V has a capacitance of 47 xalﬁF =47 nF (M = £20%) with a working voltage of 100 V.

Capacitance, tolerance and date of manufacture can béfiglentith a short code according to IEC/EN 60062. Examplieshort-marking of the

rated capacitance (microfarads):
" u47 =0.47 uF, 4u7 = 4.7 pF, 47u =47 pF
The date of manufacture is often printed in accordance wtdrnational standards.

= Version 1: coding with year/week numeral code, "1208" ist20veek number 8".

= Version 2: coding with year code/month code,

Year code: "R" = 2003, "S"= 2004, "T" = 2005, "U" = 2006, "V" =@D, "W" = 2008, "X" = 2009, "A" = 2010, "B" = 2011, "C" = 2012, "D=

2013 e t.c.
Month code: "1" to "9" = Jan. to Sept., "O" = October, "N" = Noveer, "D" = December

"X5" is then "2009, May"

For very small capacitors like MLCC chips no marking is pblsiHere only the traceability of the manufacturers cauenthe identification of

a type.
Colour coding

The identification of modern capacitors has no detailedrcobding.

Manufacturers and products

An overview of worldwide operating manufacturers and tipeaduct ranges As of 2012 is given in the following table:
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Ceramic capacitors product range of large worldwide operaing manufacturers

Manufacturer

AVX/Kyocera Ltd. 1521 ATC, American Technical Cerami€s]
Cosonic Enterpri§84]

Dearborn&°!

Dover Technologies (CMIK)G] Novacap[,67] Syfel[sg])
Dubilier®®!

HolyStone HEE?

Hua Feng Electronics (CINETECH}]

Johanson Dielectrics Irié?

KEKON[™!

KEMET Corporation, Arcotronics, Evox Rif4"
KOA Corporation Speer Electronics, IHC!
Morgan Electro Ceramité!

Murata Manufacturing Co. Lté "]

NICl78]

NCC, Europe Chemi-Cof)

Prosperity Dielectrics Co. (PD@ﬁ?]

Samsung Electro-Mechanics Co. Ll

Samwha Capacitor Groﬁ‘ﬁ]

Taiyo Yuder®3!

TDK-Epcos (TDK-EPC Corporatioﬁ)“]

Tecate GrouBS]

Tusoni)®®!

Union Technology Corporation (UT@Y]

Vishay Intertechnology Inc., Vitramon, CeraMft¥
Walsin Technolog&gg]

Yageo, Phycon{BO]

Yuetonégl]

See also

= Tape casting
= Types of capacitor
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