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F E A T U R E   A R T I C L E

Electrolytic Capacitors, 1890 to 1925: 
Early History and Basic Principle
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The story that leads electrolytic  
capacitors starts around 1880, with 
widespread commercial use by 
1910 and modern forms introduced  
around 1930.

Introduction
This first of three articles on electrolytic-capacitor technolo-

gy places the technology in a broad historical context and traces 
the technology from the 1880s to about 1925, when a patent 
was submitted for the modern form of electrolytic capacitor. The 
second article will trace the development of modern “e-caps.”

The 120-year history of electrolytic capacitors is the story 
of a simple idea, the use of an anodically formed oxide on alu-
minum as a capacitor dielectric, which grew into a large range 
of products which address electrical and electronic applications. 
Although we usually associate “electrolytic capacitor” with 
the small cylinders on our computer motherboard or somewhat 
larger cylinders in power supplies, electrolytic capacitors have 
grown to a large family that includes both liquid and solid elec-
trolyte technologies of varying anode metal oxide dielectric 
which cover the voltage range from about 2 to 630 V ratings. 
The history of electrolytic capacitors starts in the early days 
of electric power (1890s), around the time that the three-phase 
“universal system” was first being established [1].

The 19th century produced many scientific discoveries and 
technological developments that we now take for granted. The 
development, evolution, and extensive application of the steam 
engine at the beginning of the 19th century made power gen-
eration mobile, freed from natural local sources (usually water), 
and set people free from heavy physical work. The steam loco-
motive (1825/29, “Rocket,” 1835, “Eagle”) and motor vehicles 
(1886, Benz) relativized distances through physical transport, 
as did telegraphy (1837, Morse) and the telephone (1876, Bell) 
through rapid exchange of information. The transformer (1881, 
Gibbs), alternating current (1887, Tesla), and the dynamoelec-
tric principle (1866, Siemens) created the technology for wide-
spread distribution of electrical energy [1]. Wireless telegraphy 
(1894 Hertz, 1896, Marconi) laid the foundations for today’s ra-
dio and television technology, and the first gliding flight (1891, 
Lilienthal) opened the sky and relativized national boundaries.

The Siemens dynamo (1866) generated an alternating current, 
which, initially, was converted to direct current via a commuta-
tor, as the arc lamps in lighthouses (France) and public light-
ing (London, 1878, Figure 1) as well as wired telegraphy and 

Edison’s incandescent carbon-filament light bulb were based on 
low-voltage direct current. The first electric motors were DC, 
for example the motor which powered the first electric mine 
locomotive (1879) and the first electric tram in Berlin (1881), 
as practical AC motors were not yet invented [1]. The distance 
of Edison’s DC distribution systems was limited to about 1 km 
by their low voltage (110 V) and high current. The San Fran-
cisco cable-car system (1873) is a monument to the limited ex-
tent of low-voltage DC distribution [3]. It used a centralized, 
DC motor to drive a cable which extended much further than 
the 1-km limitation of DC distribution. The cable was driven 
at constant speed, and the system reduced the required motor 
power because cars clamped to the cable going downhill helped 
pull other cars uphill. Longer-distance electrical transmission 
and distribution, along with the reduced cost associated with the 
resulting improved load factor, required large-area high-voltage 
transmission with subsidiary lower-voltage distribution, which 
could only be realized with the introduction of the “universal 
polyphase system,” which was established in the 1890s [1, pp. 
129–135], after invention of practical transformers in the early 
1880s and a practical polyphase motor in the late 1880s [1, pp. 
109–120].
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Early Electrolytic Devices
The underlying principles of electrolytic capacitors enter this 

picture through the need for a practical power rectifier. During 
the transition from local-area DC distribution to the “universal 
polyphase AC system,” consumers still needed DC, and the con-
version of higher AC voltages into lower DC voltage based on 
motor generators was cumbersome and expensive. The need for 
a rectifier was obvious, as was the need to recharge batteries for 
electric vehicles, which were quite popular at the time. The story 
of electrolytic devices which led to the electrolytic capacitor be-
gins with the need for practical rectifiers.

While searching for new materials and methods for improved 
rechargeable batteries, the French researcher and industrialist 
Eugène Ducretet, later cofounder of the French Thomson Group, 
discovered (1875) that an aluminum electrode, when used as an-
ode in an electrolytic cell, formed a surface oxide layer which 
caused rapidly increasing resistance which, in short time, sup-
pressed nearly all current flow [4]. The resistance also decreased 
rapidly when the current direction was reversed. Ducretet coined 
the term “valve metals” for metals with such behavior. He in-
tended to use this behavior to construct a liquid circuit interrupt-
er [5]. In addition to aluminum, other metals such as tantalum, 

niobium, titanium, and iron form an oxide on their surface to 
achieve “valve-like” behavior.

Although aluminum, at about 8% concentration in the Earth’s 
crust, is the most abundant metallic element, it was discovered 
relatively late (1808) by Sir Humphrey Davy because it occurs 
naturally only as an oxide and is difficult to reduce therefrom. In 
an impure form, the metal was first produced in 1825 by Dan-
ish physicist and chemist Hans Christian Ørsted. Even in 1855, 
when C. Wheatstone first described its standard electrochemical 
electrode potential [6], aluminum was a metal used in jewelry 
as a result of its high price, which was greater than gold. As 
a result, Ducretet’s 1875 discovery of its valve action was not 
followed by any application. In 1886 Charles Martin Hall in the 
United States and Paul Héroult in France independently devel-
oped an electrolytic process, the “Hall–Héroult process,” which 
reduced the cost of Al production in larger quantities [7]. The 

Figure 1. An 1878 wood block print showing a London crowd 
admiring newly installed arc lamp illumination [2].

Figure 2. Example of high-purity etched Al used to provide a 
large surface area for anodic oxidation [8]. Figure courtesy of 
Jianghai Europe Electronic Components, used with permission.

Figure 3. Principle of anodic oxidation.
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Siemens dynamos (DC generators), invented 20 years earlier, 
produced enough power to provide the high current required for 
electrolytic reduction of aluminum, which effected a dramatic 
reduction in price.

Practical electrolytic capacitors are based on a combination 
of an etched anode surface (Figure 2) which provides very large 
area for formation of the oxide capacitor dielectric (Figure 3). 
The texture of the etching is matched to the operating voltage, 

i.e., oxide thickness, to optimize capacitance. The chemical re-
action of oxygen with a metal to form a metal oxide progresses 
more quickly with increasing affinity of the metal for oxygen, 
and aluminum has a very high affinity so that all aluminum 
surfaces in air have an oxide coating. In an electrolytic cell, an 
aluminum anode grows an Al2O3 layer to a voltage-dependent 
thickness which suppresses current and further growth.

Figure 5. Transmission electron micrograph of aluminum ox-
ide cross section. 1. Residual aluminum trihydrate, 2. residual 
porous aluminum oxide, 3. mostly crystalline oxide, 4. highly 
crystalline oxide, 5. amorphous oxide, 6. base Al anode metal. 
[10]. Figure used with permission.

Figure 6. (left) The tantalum rectifier with four anodes in series (adapted from [14]); (right) an 
electrolytic surge protector [15].

Figure 4. Typical oxide thickness and specific capacitance of 
the etched Al anode foil as a function of forming voltage.
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Oxide formation takes place in two reaction steps, the first 
of which is a high-exothermic reaction that transforms metallic 
aluminum (Al) into aluminum hydroxide, Al(OH)3 [9],

2 Al + 6 H2O � 2 Al(OH)3 + 3 H2.

This reaction, which is accelerated by an electric field and high 
temperature, is accompanied by release of hydrogen gas. The 
gel-like aluminum hydroxide Al(OH)3 or alumina trihydrate is 
converted via a second reaction to aluminum oxide (Al2O3) and 
water,

2 Al(OH)3 � 2 AlO(OH) + 2 H2O � Al2O3 + 3 H2O.

The aluminum oxide layer on the surface of the anode serves 
as the dielectric in an aluminum electrolytic capacitor and also 
protects the metallic aluminum against reduction from chemical 
reactions with the electrolyte. This chemical process is called 
“forming,” and the thickness of the oxide layer increases lin-
early with the applied voltage (Figure 4). In an Al electrolytic 
capacitor, the oxide thickness is determined by the rated voltage 
of the capacitor and also the capacitance of the capacitor for a 
given size.

Depending on the chemical treatment during the forming 
process, two types of anodic layers can be produced: barrier-
type layers or porous-type layers [9]. Only barrier-layer alumi-
num oxide can be used as the dielectric of an electrolytic capaci-
tor. To produce a stable aluminum-oxide barrier layer, the oxide 
must be completely insoluble in the electrolyte, i.e., 5 < pH < 
7 [9]. This type of aluminum oxide can be produced in either 
an amorphous or a crystalline form (Figure 5). Generally, the 
amorphous oxide provides greater physical stability and lower 
leakage current at the “cost” of reduced breakdown field ~0.7 
GV/m or ~1.4 nm/V compared to crystalline aluminum oxide at 
~1 GV/m or ~1 nm/V, which results in 40% lower capacitance 
per unit area for amorphous oxide layers but more stable behav-
ior [10].

Early Applications

Electrolytic Capacitor
A precursor of wet aluminum electrolytic capacitors was 

used as early as 1892 as a “starting capacitor” for single-phase 
AC motors [11]. These capacitors were based on English patents 

[12] but employed such aggressive electrolytes that the durabil-
ity was not given.

The first stable electrolytic capacitors were developed by 
Charles Pollak, who was born 1859 in Galicia, Poland, as Karol 
Pollak. Pollak was a manufacturer of rechargeable batteries, in-
ventor of a controller for arc lamps and a voltmeter, and founder 
of the “Societé des Accumulateurs Pollak.” He later was called 
the “Polish Edison.” With decreased cost of Al in the late 1880s, 
he started researching the design of electrochemical cells with 
aluminum electrodes. As a manufacturer of rechargeable batter-
ies, Pollak must have encountered anodic formation of an in-
sulating layer on valve metals. For battery anodes, these layers 
must not be stable. Ducretet had shown that the barrier oxide 
layer on an aluminum surface has a very high dielectric strength 
in very thin layers. Use of such a layer as dielectric in a polar-
ized capacitor of high capacity had not been possible. Previous 
experiments [12] in England used an acidic electrolyte, which 
destroyed the oxide layer quickly. Pollak’s knowledge of elec-
trolytes in batteries helped him to determine that the oxide layer 
remained stable in neutral or alkaline electrolytes, even when 
the power was switched off. To associate these findings with a 
capacitor based on a stable oxide layer marks Pollak as an ex-
ceptional inventor. In early January 1886 he handed this idea to 
the German Imperial Patent Office (Kaiserliches Patentamt) in 
Frankfurt am Main, which was granted in May 1897 with the 
number DRP 92564 [5]. In this patent, the capacitor is defined 
as follows, “Liquid condenser with aluminum electrodes, which 
are covered with an uniformly insulating layer generated by 
forming with a weak current, characterized by using an alkaline 
or neutral electrolyte. Since the insulating layer is very thin, the 

Figure 7. The oldest known photograph (1914) of an electro-
lytic capacitor, about 5 cm in length and 1.5 cm in diameter 
with a capacitance of approximately 2 μF.

Figure 8. View of the corrugated anode of a wet aluminum elec-
trolytic capacitor [17]. Courtesy of Alcatei-Lucent © [2013] 
Alcatel-Lucent. All Rights Reserved.
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condenser has a very high capacitance and could be used as a 
polarized capacitor in a DC circuit.”

Pollak expresses clearly the basis of all electrolytic capaci-
tors to follow, including those based on tantalum and niobium 
with either liquid or solid electrolytes.

Other Early Applications of Valve Metals
As an addendum to the electrolytic capacitor, Pollak submit-

ted a second patent application in June 1896 for an “electro-
lytic current direction selector and converter” [13] in which he 
proposed to use the high resistance of the oxide layer in one 

direction and the very low resistance in the other direction as an 
electric valve for rectification of an alternating current for charg-
ing batteries from AC current. However, practical application of 
this concept for a “rectifier” was never achieved.

The “Tantal-Gleichrichter” (tantalum rectifier), built with 
four tantalum cells, was proposed in the 1920s, with the ad-
vent of broadcasting technology, as a rectifier to charge the 
160-V anode batteries of a receiver (Figure 6) [14]. Batter-
ies charging resulted from the asymmetric current flow of the 
valve metal electrode. A handicraft guide for charging of an-
ode batteries, published in 1928 [14], proves that the valve 

Table 1. Dielectrics of Older Capacitors.

Capacitor style Dielectric

Permittivity

at 1 kHz

Dielectric 

strength

(V/μm)

Minimum dielectric 

thickness (μm)

Glass capacitors Glass 5–10 450 —

Air-gap capacitors Air 1 3.3 —

Paper capacitors Wax-impregnated paper 3.5–5.5 60 5–10

Mica capacitors Mica 5–8 118 4–50

Aluminum electrolytic 
capacitors

Aluminum oxide  
Al2O3

9.6 710 <0.01 (6.3 V)

<0.8 (450 V)

Figure 9. Various anode shapes used in early electrolytic capacitors with the case as cathode. Figure 
courtesy of Cornell-Dubilier Electronics, used with permission [11].
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action of a valve metal was used as a crude rectifier for at least 
one application.

In addition to use as a rectifier, valve metals were also used 
as an “electrolytic surge protector” (Figure 6) [15]. The surge 
protection was based on the voltage-limiting effect when the 
forming voltage is exceeded, an effect which reduces the sen-
sitivity of all aluminum electrolytic capacitors to transient volt-
ages. High peak voltages resulting from de-energizing DC mo-
tors could be absorbed using an oxidized aluminum electrode in 
an electrolytic bath, and commutator-induced transients in DC 
voltages supplies could be stabilized with such apparatus. Such 
surge protectors were usually quite large and were partially sur-
rounded with oil for cooling. AEG, Berlin, was one manufac-
turer of such devices.

The term “valve metal” no longer has scientific meaning. Ox-
ides of aluminum or tantalum have no semiconductor properties, 
although in some publications the valve action of electrolytic 

capacitors in opposite voltage direction is represented by the 
symbol for a zener diode.

Practical Electrolytic Capacitors
In principle, an electrolytic capacitor is nothing more than a 

“parallel plate capacitor,” the capacitance (C) of which increases 
with electrode area (A), permittivity of its dielectric (�r), and in-
versely with the dielectric thickness (d), i.e., C = �0�rA/d. This 
means that for capacitors of same electrode size, the capacitance 
depends strongly on the properties of the dielectric. The capaci-
tors in common use when the electrolytic capacitor was invented 
(1896) employed glass, air, or hydrocarbon-impregnated paper 
dielectric (Table 1). Mica capacitors were invented in 1909 [16].

In this context, the dielectric strength of aluminum oxide is 
remarkable. As a result, the oxide layer of electrolytic capaci-
tors is very thin, in the range of 1 to 1.4 nm/V (1 to 0.7 GV/m), 
depending on the oxide structure. Compared with other materi-
als used for capacitors at the end of the 19th century, the per-
mittivity of Al2O3 is relatively high. As a result, the first elec-
trolytic capacitors were much smaller than alternatives (Figure 
7). These figures show that at the time, electrolytic capacitors 
had the greatest capacitance per unit volume among available 
capacitors, which is true today, with the exception of “superca-
pacitors.”

Start of the Electrical Era
The telegraph (Washington, DC, to Baltimore, 1844) re-

quired capacitors for filtering of unwanted noise on the lines. In 
the emerging telephone systems (10,000 phones in service by 
mid-1878), capacitors were needed in the supply circuit of the 
central battery stations or to filter noise from battery-charging 
apparatus [17]. At that time, metal foil-paper capacitors were 
produced in the form of cuboid blocks and became known as 
“block capacitors” or “blocking capacitors” because they looked 
like a “block” and “blocked” noise.

The great need for compact, high-capacitance components 
in the telephone system remained. From 1902 to 1908 basic 
research on aluminum was carried out in the Western Electric 
laboratories by Wheatstone and Durrentet, and from 1903 tan-
talum was also studied. This research resulted in improved un-

Figure 10. One of the earliest mains-operated radios, the RCA 
Radiola 17 from 1927 (Figure courtesy of Sonny Clutter, http://
www.radiolaguy.com, used with permission.) The advent of 
mains-operated radios created a mass consumer market for 
power supply filter capacitors, which was soon filled by elec-
trolytics, which were far less expensive than the combination of 
foil-wax paper capacitors and large chokes (inductors).

Figure 11. Translation of the text of a 1933 Phillips advertisement to promote the use of electrolytic 
capacitors in radio power supplies along with a photograph of a restored capacitor with a cast spi-
der anode. Photograph courtesy of Bernd Matthes, used with permission.
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derstanding of the physical and chemical processes inherent to 
electrolytic capacitors, so that from about 1910, reasonably re-
liable aluminum electrolytic capacitors could be fabricated for 
AC decoupling of battery telephone systems [18]. These first 
electrolytic capacitors for operation at less than 100 V bore little 
resemblance to modern electrolytics as their construction was 
more along the lines of an automobile battery (Figure 8). They 
consisted of a metallic box used as cathode, filled with borax 
electrolyte dissolved in water, in which a corrugated aluminum 
anode plate was inserted. The oxide layer was formed on the 
surface of the anode through application of DC voltage. The ad-
vantage of these “wet”, i.e., aqueous electrolyte, electrolytic ca-
pacitors was that they were significantly smaller and cheaper per 
unit capacitance than any other form of capacitor. This general 
construction, with various styles of anode (Figures 8–10) and 
with the case as cathode and container, was used into the 1930s 
and was called a “wet” electrolytic capacitor, in the sense of 
containing a high water content [11], [17].

Radio As a Driving Force in Electronics
The invention of the electron tube in 1904 by English physi-

cist J. A. Fleming, the triode in 1906 by American inventor Lee 
de Forest with substantial improvements by Irving Langmuir 
(1915), and the feedback circuit by E. H. Armstrong (1913) 
provided the technical basis for broadcasting. The first commer-
cially licensed radio station, operated by Westinghouse, started 
broadcasting as KDKA in East Pittsburgh, Pennsylvania, on 2 
November 1920. In Germany the first radio broadcast of an in-
strumental concerto took place in December 1920 [19].

The earliest “radios,” from the early 1920s, were crystal de-
tector receivers which required only radio frequency capacitors 
for tuning. This changed with the transition to line-operated vac-
uum tube receivers around 1927. The rectifier-generated ripple 
in the anode voltage of amplifier circuits had to be filtered, which 
required relatively high voltage capacitors. The earliest line-op-
erated receivers, such as the 1927 RCA Radiola 17 (Figure 10), 
employed a multistage choke (inductor) and capacitor circuit, 
two 1 μF wax paper–metal foil capacitors with three chokes in 
the case of this first, mains-operated RCA radio. Around 1930 
electrolytic capacitors started to replace wax paper capacitors 
and chokes as a more economical solution to such filtering ap-
plications, which required a rating of up to 500 V positive with 
respect to the chassis [20]. Radio receivers required a smaller 
capacitor than the box wet electrolytics discussed above, and the 
box form was abandoned in favor of cylindrical cans, although 

the case was retained as cathode. Efforts to increase the capaci-
tance in these round “cup” capacitors led to variously shaped 
anodes (Figure 9). The resulting electrolytic capacitors reduced 
the size and cost of the power supply filter circuit substantially, 
as can be seen from the Philips Monthly Bulletin of Apparatus 
Manufacturers from June/July 1933 [21] (Figure 11). Radio pro-
vided the first mass consumer market for electrolytic capacitors, 
as well as many other electronic components.

“Dry” Electrolytic Capacitors
Samuel Ruben was the “father” of the modern electrolytic 

capacitor [22]. Ruben worked in a private laboratory in New 
Rochelle, New York, and was granted about 300 patents over 
the course of 60 years of inventive activity. In 1925, he teamed 
with Philip Mallory, the founder of the battery company that 
is now known as Duracell International, and filed his “electric 
condenser” patent (1925, granted 1930) [23]. Ruben’s condens-
er adopted the stacked construction of a silver mica capacitor 
and inserted a second aluminum foil called the “cathode foil” 
as connection to the electrolyte. This cathode foil reduced sub-
stantially the thickness of electrolyte between the dielectric and 
the cathode terminal of the capacitor, which reduced (equivalent 
series resistance) losses significantly, from about 30 to 3 ohms. 
The cylindrical case, which previously served as the electrolyte 
cathode connection, no longer had an electrical function. Com-
bined with a nonaqueous liquid or gelled electrolyte, which is 
therefore “dry,” such capacitors became known as “dry” type 
electrolytic capacitors (Figure 12). This new form of electrolytic 
capacitor was one of many innovations which made radio re-
ceivers more affordable and thereby expanded the market. This 
new design of “dry” electrolyte capacitor was the start of mod-
ern “e-cap” technology.

Conclusion
This first article on electrolytic-capacitor technology traces 

the origins of the technology to the earliest days of electric 
power, communication, and transportation in the 1880s to the 
invention of the modern form of electrolytic capacitor in 1925. 
A second article will trace the technology from the beginning 
of the modern era in electrolytic capacitors to the present and 
discuss the on-going evolution of the technology to meet new 
requirements.
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This article is the second of three ar-
ticles dealing with the development 
of aluminum electrolytic capacitors.

Introduction
The first article in this series [1] covered the early history 

of electrolytic capacitors, from their invention around 1880 to 
the invention of the modern Al electrolytic capacitor structure 
in 1925. To summarize the early history, “valve metals” were 
recognized in the 1880s for their ability to conduct in one direc-
tion but impede current flow in the opposite direction as a result 
of oxide growth when submersed in an appropriate electrolyte. 
Early attempts to use the oxide as a dielectric so formed were 
frustrated by acidic electrolytes, which damaged the oxide layer 
and resulted in short capacitor life. Charles Pollak, a manufac-
turer of rechargeable batteries, realized the importance of the 
electrolyte and found that a neutral or basic electrolyte provides 
much greater stability of the oxide layer. In his 1896 German 
patent application for an electrolytic capacitor, Pollak described 
his invention as a “liquid condenser with aluminum electrodes, 
which are covered with a uniformly insulating layer generated 
by forming with a weak current, characterized by using an al-
kaline or neutral electrolyte. Since the insulating layer is very 
thin, the condenser has a very high capacitance and could be 
used as a polarized capacitor in a DC circuit.” Early electrolytic 
capacitors consisted of an Al electrode in a “bath” of electro-
lyte. The resistance of the electrolyte resulted in a relatively high 
equivalent series resistance (ESR), and the capacitors were both 
bulky and heavy, although not relative to the alternatives at the 
time. Mains-operated radio receivers, introduced around 1927, 
created a large consumer market for capacitors, which were re-
quired to produce ripple-free DC voltages. Wax paper capaci-
tors, limited to 1 or 2 μF, had to be combined with bulky chokes 
(inductors) to produce efficient power frequency filters. Electro-
lytic capacitors provided much greater capacitance so that the 
chokes were not necessary, but early electrolytic capacitors used 
in radio receivers still consisted of an oxidized anode in a bath 
of electrolyte.

In 1925 Samuel Ruben patented a much more compact and 
lower ESR form of electrolytic capacitor. Ruben’s capacitor ad-
opted the stacked construction of a silver mica capacitor and 
inserted a second aluminum foil called the “cathode foil” as 
connection to the electrolyte. This cathode foil reduced substan-

tially the thickness of electrolyte between the dielectric and the 
cathode terminal of the capacitor, which reduced losses (ESR) 
significantly, from about 30 to 3 ohms. The cylindrical case, 
which previously served as the electrolyte cathode connection, 
no longer had an electrical function. Combined with a nonaque-
ous liquid or gelled electrolyte, which is therefore “dry,” such 
capacitors became known as “dry” type electrolytic capacitors. 
This new form of electrolytic capacitor was one of many inno-
vations that made radio receivers more affordable and thereby 
expanded the market, and this new design of dry electrolyte ca-
pacitor was the start of modern “e-cap” technology. The present 
article takes us from Ruben’s invention to the wide range of Al 
electrolytic capacitors presently on the market. A third article 
will treat electrolytic capacitors based on metals other than Al.

From the idea of Samuel Ruben to make a stacked capacitive 
cell with separated anode and cathode foils, to creating such a 
cell in a wound structure was a small but significant step. The 
German engineer A. Eckel of the AEG Hydra Werke in Berlin 
was granted a patent for such a wound structure in 1927 [2]. This 
construction, in which two aluminum foils separated by two pa-
per strips that act as separators and absorbents for the electro-
lyte are wound together, became the model of all modern wound 
capacitors (Figure 1). This “dry electrolytic” wound structure 
simplified manufacturing and reduced capacitor volume as well 
as the amount of electrolyte therein, resulting in lower cost and 
improved performance relative to the “wet” electrolytics. Since 
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the electrolyte was “liquid” but classified as “dry” because it 
was nearly water free and was contained primarily within the 
paper separators, the wound cell could also be built into a hard 
paper case sealed with tar. Later, when the effect of impurities 
on capacitor life was understood, only pure aluminum cases 
were employed.

Increasing Anode Surface—Capacitor 

Miniaturization
Soon after the introduction of wound foils for Al electrolytic 

capacitors, concepts emerged for increasing the specific capaci-
tance (F/m2) of the anode. Initially, this was achieved through 
mechanical roughening of the anode surface prior to forming. 
The use of electro-chemical etching from the mid-1930s on-
ward increased the effective surface of the aluminum anode 
greatly. During such etching, the foil runs through sequentially 
arranged electro-chemical etching baths in the presence of sev-
eral thousand amps from the foil to the bath. After cleaning, the 
roughened anode foil is oxidized (formed) and cleaned again. 

The pores etched into the aluminum surface must be sufficiently 
large to accommodate the required oxide thickness and leave 
sufficient space for the electrolyte in the pore to provide ade-
quate conduction. Therefore, the etching conditions must be ad-
justed to obtain properties appropriate for the intended operating 
voltage. For low-voltage electrolytic capacitors (6.3 to 100 V), 
sponge-like structures provided very large specific capacitance 
(Figure 2), whereas for high-voltage capacitors (160 to 630 V), 
tubular structures are typical to accommodate the greater ox-
ide thickness while leaving space for the electrolyte to penetrate 
(Figure 3).

The mechanical etching processes of the early 1930s could 
increase specific capacitance relative to a “flat” foil by about 30 
for low-voltage capacitors and by 2 to 4 for high-voltage capaci-
tors. The present chemical etching processes can enhance low-
voltage specific capacitance by about 200 and the high voltage 
by about 30. The increased specific capacitance of anode foils 
had reduced capacitors dimensions by roughly a factor of 10 
over the last 50 years for a 25-V Al electrolytic capacitor. How-
ever, with smaller pores, the ions in the electrolyte have to pass 
through smaller current paths, which increases the resistance so 
that more highly structured anodes (greater specific capacitance) 
cause increased ESR. Thus, increased specific capacitance to 
reduce capacitor size must be accompanied by improved elec-
trolyte conductivity in order to maintain constant ESR, which 
determines the sustainable ripple current in filter applications.

Capacitance and Discharging Stability
The ingenious idea of Samuel Ruben to introduce a second 

aluminum foil to contact the electrolyte, the so-called “cathode” 
foil, introduces a second capacitor in series with the primary 
dielectric on the anode as a result of the inevitable ~1.5-V with-
stand oxide layer on the cathode formed by exposure to air. 
Therefore, the construction of an electrolytic capacitor consists 
of two series-connected capacitors with a capacitance CA of the 
anode and a capacitance CC of the cathode (Figure 4). The to-
tal capacitance of the nonsolid aluminum electrolytic capacitor 

Figure 1. The wound structure of two aluminum foils wound 
with two paper separators has prevailed in almost all construc-
tions of aluminum electrolytic capacitors with nonsolid elec-
trolyte.

Figure 2. Sponge-like etched anode for a low-voltage (10 V) 
foil with specific capacitance about 100 times greater than a 
smooth surface.

Figure 3. Tube-like etched anode for a high-voltage (400 V) foil 
with a specific capacitance about 20 times that of a smooth sur-
face.
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is thus obtained from the formula for the capacitance of two, 
series-connected capacitors.

C
C C
C Ce-cap
A C

A C
=

⋅
+

The total capacitance, Ce-cap, is determined mainly by the an-
ode capacitance CA when the cathode capacitance CC is at least 
10 times greater than the anode capacitance CA. Normally, this 
condition is achieved easily, as the capacitance per unit area of 
the very thin natural oxide layer on the slightly etched cathode 
foil is very large.

A capacitor in an electrical circuit is expected to withstand 
all conditions that occur during normal operation. Power supply 
filters are the most common application of aluminum electrolyt-
ic capacitors, in which they must withstand near instantaneous 
application of rated voltage in low-impedance circuits without 
current limiting. The peak inrush current is limited by the ion 
mobility-induced ESR of the capacitor, so that every nonsolid 
Al-e-cap is protected naturally from damaging inrush currents 
within its I ²R electrothermal limits and cannot be damaged by 
large dI/dt, which can be damaging to the end connections of 
metallized film capacitors.

During discharging, the current direction in the capacitor re-
verses, and the cathode becomes the anode. This results in an 
internal voltage distribution with reverse polarity on the anode 
and cathode foils, the magnitudes of which depend on the con-
struction of the foils. If the reverse voltage on the cathode foil 
exceeds its naturally formed 1.5-V withstand, anodic oxidation 
takes place with the formation of a thicker oxide layer on cath-
ode, which reduces the capacitor capacitance. Most practical 
electrolytic capacitors with natural air-based, ~1.5-V withstand 
cathode oxide layers and a specific capacitance ratio between 
the cathode and anode oxides of at least 10:1 can sustain their 

naturally ESR-limited discharge current without exceeding 
1.5 V on the cathode oxide during discharge and are therefore 
termed “discharge proof.” However the capacitance ratio is 
typically greater than 10:1, and for applications with frequent 
charge–discharge cycles or for high-voltage e-caps, a ratio great-
er than 100:1 may be required for discharge-proof operation. In 
all cases, this will be sufficient to prevent the cathode from an-
odizing during discharge.

The above also applies to applications with very high dis-
charge currents, such as for photo-flash devices or defibrillators. 
Photo-flash electrolytic capacitors are often made with double-
anode technology to increase capacitance and thus the flash 
energy. Electrolytic capacitors with double-anode technology 
have two superimposed anode foils that are wound together with 
one cathode foil. When the superimposed anode foils are etched 
with transverse tubes (Figure 5), this construction increases ca-
pacitance. Again, a cathode-to-anode capacitance ratio of 10 is 
sufficient to minimize re-forming processes on the cathode foil 
during rated discharge currents. However, the frequency of dis-
charges is limited to keep heating of the capacitor within accept-
able limits [3].

Mounting Conditions and Styles

Axial Capacitors for Point-to-Point Construction
In addition to William Dubilier, who advanced electrolytic 

capacitor technology based on the 1931 industrial-scale factory 
in Plainfield, New Jersey [5], the German manufacturer AEG-
Hydra-Werke in Berlin was manufacturing electrolytic capaci-
tors on an industrial scale from the early 1930s onward. Over 
time, a large number of companies in the United States and in 
Europe started to manufacture electrolytic capacitors to meet 
increasing demand. However, only a small number of these sur-
vived into the next century.

The first large market for aluminum electrolytic capacitors 
was created by the need for filtering of tube-rectified line voltage 
in early line-powered radio receivers, which dominated produc-

Figure 4. Cross section of a nonsolid aluminum electrolytic 
capacitor design and its equivalent series circuit. All electri-
cal losses of capacitor are summarized in the equivalent series 
resistance (ESR) and all inductance in the equivalent series in-
ductance (ESL).

Figure 5. An SEM photomicrograph of a high-voltage anode 
foil with transverse etched tubes used for photo-flash capaci-
tors [4]. Figure courtesy of Cornell-Dubilier Electronics, used 
with permission.
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tion starting in the late 1920s. For vacuum-tube grid voltages, 
capacitors of less than 100 V are needed, but for the anode, 250- 
to 550-V capacitors are required. These capacitors were built 
primarily in two styles, axial or upright mounted can.

The brownish hard paper axial capacitors sealed with tar are 
typical of the early days of radio technology (Figure 6). This 
“axial” design, with its terminals at the two ends, was ideal for 
the point-to-point component wiring in the early radios because 
the axial terminals could be used simultaneously as connections 
to the next component.

For the much higher anode voltages associated with vacuum 
tubes, larger can sizes were necessary. These larger capacitors were mounted upright by means of a central screw connection 

and usually had an aluminum case that was connected electri-
cally to the capacitor cathode so that the capacitor mounting 
connected the capacitor cathode to the chassis ground. With 
the later development of multicircuit receivers, large capaci-
tors were built with multiple capacitance sections in a common 
case based on several separate anode foils wound together with 
a common cathode foil, with a separate solder lug terminal for 
each anode foil.

Point-to-point wiring (Figure 7) did not change until the in-
troduction of PCB technology after the Second World War. PCB 
mounting technology has the advantage of providing a carrier 
for the components as well as interconnecting the components. 
Probably one of the first devices with a PCB was the 1954 Re-
gency TR-1 transistor radio from Texas Instruments, which was 
the first “shirt pocket” transistor radio (Figure 8). It contained 
at least four axial electrolytic capacitors, encapsulated in white 
plastic cases.

Evolution to Radial E-Caps for PCBs
Beginning in the 1960s, with the introduction of the PCB 

assembly with predetermined hole distances, new components 
were required whose terminals had a precise pitch. Furthermore, 
because the circuit-board surface area is a cost factor, the foot-
print of the component became a cost factor. At first the manu-
facturers bent the cathode terminal   of the axial electrolytic ca-

Figure 6. Electrolytic capacitor in hard paper case with tar 
sealing and axial terminals, typical of the early days of radio 
technology.

Figure 7. Typical point-to-point wired chassis of a 1950s ra-
dio [6]. The larger brown cylinders are electrolytic capacitors. 
http://www.antiqueradio.org/art/WestinghouseH-181Under 
sideOriginal.jpg, used with permission.

Figure 8. PCB of the first shirt-pocket transistor radio, the 1954 
Regency TR-1 by Texas Instruments [7].
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pacitors for an upright mounting, sometimes with the addition 
of a plastic foot or a welded clamp. However, these additional 
measures resulted in higher costs for the component. The rapid 
adoption of PCB technology motivated the birth of the “single-
ended” or “radial” electrolytic capacitor (Figure 9), in which the 
connections are made as terminal wires at a defined pitch dis-
tance. Because such a capacitor could be produced with fewer 
manufacturing steps on a more highly automated line, they were 
also less expensive than the axial style that they replaced.

Adaptation to SMD Technology
The “single-ended” design also proved adaptable to SMD 

(surface mount device) technology in the 1980s. However, sol-
dering temperature of 250 to 260°C for RoHS (restriction of haz-
ardous substances) compliant solders is well above the boiling 
point of most of the liquid electrolyte systems (about 200°C) so 
that high vapor pressure is produced within the capacitor during 
soldering. By using a thicker case material as well as improving 
the rubber seals, V-chip SMD capacitors (Figure 10) could be 
adapted to the requirements of lead-free soldering temperatures 

[8]. Thus, this 120-year-old technology has been adapted to the 
most recent electronic technology.

Mechanical Extension—An Outstanding Feature
The wide range of voltage rating and capacitance is a par-

ticularly outstanding feature of aluminum electrolytic capacitors 
(Figure 11). The easy processing of the aluminum anode and 
cathode allows this wide range of sizes, from miniature low-
voltage capacitors with 3 × 5 mm (diameter × height) case up to 
large screw terminal power electrolytic capacitors rated several 
hundred volts and several millifarad with a case size of 90 × 210 
mm. Very large sizes, which are often required to accommodate 
very high ripple current, are made with screw terminal posts 
with the screw connections sized according to the rated current.

Electrolytes—Nothing is Perfect
The term “electrolytic capacitor” relates to the use of an 

“electrolyte,” the conductive liquid in the capacitor that serves 
as the cathode. Technically, three types of electrolytes are re-
quired to complete an e-cap. The first electrolyte is a strong acid 
used for electro-chemical etching of the anode foil. The second 
electrolyte, with a completely different chemical composition, 
is used to form the dielectric on the surface of the anode foil. 
This electrolyte must possess properties that produce an amor-
phous oxide for low-voltage capacitors or a crystalline oxide for 
high-voltage capacitors. Etching and formation is carried out in 
a continuous process in large plants with successively arranged 
baths in which all production steps, i.e., etching, formation, and 
cleaning, are completed.

The third electrolyte is the working electrolyte in the capaci-
tor, which should be highly conductive and operate over a wide 
temperature range with high boiling point, low freezing point, 
and long lifetime. Furthermore, this electrolyte must provide 
the oxygen for forming and self-healing processes; should have 
low viscosity to ease processing; should be chemically inert for 

Figure 9. Basic structure of a radial aluminum electrolytic ca-
pacitor with nonsolid electrolyte, usually called “single ended 
e-cap.” This is by far the most commonly used design.

Figure 10. SMD (surface mount device) e-caps based on radial 
structure (V-chip). Figure courtesy of Vishay, used with permis-
sion.

Figure 11. The wide range of voltage, capacitance, and result-
ing dimensions makes nonsolid electrolytic capacitors suitable 
for a broad range of applications. Figure courtesy of Jianghai 
Europe Electronic Components, used with permission.
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low leakage current; and should be environmentally friendly, 
nontoxic, self-extinguishing in case of fire, and relatively inex-
pensive. These many requirements have resulted in thousands 
of patents for nonsolid electrolyte systems, none of which are 
perfect.

The most important electrical property of the operating elec-
trolyte for e-caps with low ESR is its electrical conductivity, 
which is provided by ion-conductivity. An electrolyte always 
consists of a mixture of solvents and additives to achieve the 
desired compromise among the many conflicting attributes. The 
additives are acids or bases that make the electrolyte conduc-
tive, but this must be achieved without the electrolyte becoming 
excessively aggressive chemically to aluminum and its oxide.

Early e-cap production suffered from poor aluminum purity, 
poor cleanness during manufacturing, and excessively aggres-
sive electrolytes so that the oxide layer was not stable. As a re-
sult, the early development of aluminum electrolytic capacitors 
is full of stories about corrosion (Figure 12), increased leakage 
currents, and explosions. During the first decades of the 20th 
century, electrolytic capacitors seldom failed by “drying out,” 
i.e., by loss of the electrolyte, but much more often as a result of 
corrosion of the terminal lugs or the winding. As a result of these 
misadventures, electrolyte formulation appeared to be more “al-
chemy” than chemistry.

William Dubilier, who in 1909 invented the mica capacitor 
[11] and in 1925 patented a water-cooled electrolytic “con-
denser” [12], said during one of his presentations in 1948 the 
appropriate words about the problems with electrolytic capaci-
tors [13]: “Up to 1925, one of the basic precautions taught to 
every condenser worker was to be always on guard against any 
risk of contamination of condenser materials by outside chemi-
cals—alkalis or acids. We knew from our own sad experiences, 

that a single drop of water or acid in a gallon of impregnation 
oil or wax made the entire batch of material unfit for use. We 
are so thoroughly trained in strict precautions against chemical 
contaminations of our condenser materials, that the very idea of 
making a chemical condenser seemed at first frightening. Al-
though we knew that metallic oxides are good insulators. We 
also knew that strong acids are needed for the formation of such 
oxides on aluminum foil—and strong acids could never be toler-
ated in or near a condenser plant. These were the mental road-
blocks that the new electrolytic condensers had to overcome.”

With the knowledge that purity of the materials and abso-
lutely clean production are essential, William Dubilier founded 
the first industrial production plant for Cornell Dubilier electro-
lytic capacitors in Plainfield, New Jersey, in 1931 [5] based on 
the emerging market for power supply filter capacitor in radio 
receivers. This factory was organized to avoid impurities dur-
ing production and introduced automated production to reduce 
failures resulting from manual production steps.

Between the 1930s and the mid-1950s,  the industry had many 
problems, especially with corrosion. First, contamination with 
halogens such as chlorine was the main cause of corrosion. Chlo-
rine, even in small quantities, acts as a catalyst for the formation 
of aluminum oxide, which destroys the aluminum (Figure 13). 
Later, in the beginning of the 1950s, a second type of corrosion 
based on water was identified. Aluminum reacts very strongly 
with water, and water-driven corrosion can destroy the protec-
tive aluminum oxide layer resulting in hydrogen gas generation 
and increasing leakage current, which reduces life (Figure 14). 
Effective inhibitors that protect aluminum from water were not 
found until the 1980s [14].

Present nonsolid aluminum electrolytic capacitors are com-
parable in quality to semiconductor components as a result of 
increasing understanding of chemical processes that take place 
in the capacitor during operation. Presently used operating elec-
trolytes are nearly free of halogens and, if necessary, contain in-
hibitors to water-based corrosion. In a very gross simplification, 
operating electrolytes can be divided into three groups:

Figure 12. The 1,000-day life test results for a 1929 electro-
lytic capacitor rated 700 μF, 65 V at room temperature (24,000 
hours at 25°C � 80 hours at 105°C). After 80 days the capacitor 
anode began to corrode, as indicated by the increased leakage 
current. We now know that this corrosion was driven by water, 
because the increased leakage current was accompanied by in-
creased capacitance as the dielectric layer was destroyed and 
became thinner. These data were first published in 1929 and 
again in 1958 without explaining the cause of the corrosion. 
Plot adapted from [9], [10].

Figure 13. The corrosion caused by chlorine leads to pitting of 
the aluminum foil.
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Borax or glycol solutions with approximately 5 to 20% wa-
ter content for standard applications. In these electrolytes, 
the water causes the chemical reaction “acid + alcohol” and 
gives “ester + water.”
Organic solutions such as GBL, DMA, or DMF that are 
nearly free of water for stable parameters and long life in 
industrial applications
Solutions with water content up to 70% for use at high rip-
ple current in low end capacitors.

The main issues today in electrolytic capacitor technology 
are no longer quality and reliability but diversification resulting 
from the growing demand for specific capacitor characteristics 
in a wide range of industry, such as low leakage current, low 
ESR for high ripple current capability, higher temperature op-
eration, and/or longer life, and so on. As a result, capacitor char-
acteristics are being customized for specific applications, mainly 
through modification of the electrolyte.

The development of specialized electrolytes can be demon-
strated by reduction of the ESR over time. In an electrolytic ca-
pacitor, the ESR results from dielectric losses in the oxide layers 
and resistive losses in the foils, electrolyte, and tabs that connect 
to the foils. Figure 15 shows the contribution to the ESR from 
these various sources. Until the 1980s, by far the greatest contri-
bution to the ESR was from the electrolyte, typically well over 
70%. Modern electrolyte systems are not only stable but also re-
duce their contribution to the total ESR to about 40% as a result 
of increased conductivity.

Two Electrodes and an Electrolyte— 
E-Cap or Supercap?

The construction of a liquid electrolyte e-cap is very similar 
to that of an electro-chemical “supercapacitor” (Figure 16), but 
the principle of operation differs completely. Indeed, the first 
supercapacitor, invented in 1957 by H. Becker, was described 

as a “low voltage electrolytic capacitor with porous carbon elec-
trodes” [16]. Becker believed that the energy was stored as a 
charge in the carbon pores, as in the pores of the etched foils of 
electrolytic capacitors. Because the double layer mechanism was 
not known to him at the time, he wrote in the patent, “It is not 
known exactly what is taking place in the component if it is used 
for energy storage, but it leads to an extremely high capacity.” In 
contrast to conventional capacitors, such as electrolytic capaci-
tors, which store their energy electrostatically, supercapacitors 
do not have a conventional solid dielectric. The capacitance of a 
supercapacitor is determined by two different storage principles:

1. electrostatic energy storage achieved by separation of 
charge in a Helmholtz double layer at the interface 
between the surface of a conductive electrode and an 
electrolyte, i.e., the “double-layer capacitance,” and

2. faradaic electrochemical storage with electron charge 
transfer, achieved by redox reactions, intercalation, or 
electrosorption without formation of chemical bonds, 
called “pseudocapacitance.”

Both of these capacitances, double layer and pseudocapaci-
tance, contribute inseparably to the total capacitance of a su-
percapacitor. The ratio of the stored charge resulting from each 
principle can vary greatly, depending on electrode design and 
electrolyte composition. Pseudocapacitance can increase the ca-
pacitance by as much as an order of magnitude over that of the 
double layer alone [17]–[19].

Supercapacitors have the advantage of the very large ca-
pacitance which results from separation of charge across the 
nanometer-thick Helmholtz double layer and from the faradaic 
redox charge. The disadvantages include low operating voltage 
(at most a few volts per cell) and the relatively high and non-
linear ESR, which results from conduction within pores of the 
highly structured (typically) carbon electrodes. As a result, prop-
erties of supercapacitors differ greatly from those of e-caps and 

Figure 14. Corrosion caused by water results in decomposition 
of the aluminum oxide with deposits of formation of aluminum 
hydroxide on the anode surface.

Figure 15. At 10 kHz, only about 40% of the equivalent series 
resistance (ESR) in e-caps with newly developed electrolyte 
systems is caused by the electrolyte (4,100 μF/400 V, 90 × 99 
mm). Figure adapted from [15].
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serve differing markets. Supercaps tend to complement batteries 
in that they can be charged and discharged much more rapidly 
than a battery with lower ESR and better cycle life but lower en-
ergy density. Thus, they can be useful as a buffer in regenerative 
breaking and other applications where charge must be stored or 
released quickly.

Aging, not Obsolescence: E-Cap Service Life
The life of a modern electrolytic capacitor is typically lim-

ited by an electrically and thermally driven electrolyte decom-
position that cause an increase in internal pressure from gaseous 
products of decomposition. This results in “drying out” of the 
electrolyte over time, quite slowly at low temperatures but more 
rapidly with elevated temperature. Therefore, the expected op-
erating life, “lifetime” or “service life,” is specified at one or 
more elevated reference temperatures. E-cap electrical proper-
ties change with the slow loss (drying out) of the liquid elec-
trolyte. The capacitance decreases; the loss and the associated 
parameters of ESR and impedance increase. The leakage cur-

rent normally decreases over the time, because small defects that 
cause leakage current are healed during operation.

The specified life of a capacitor is determined on the basis 
of accelerated tests, performed with rated voltage applied at the 
maximum operating temperature, Tmax. Such test results are the 
basis of the life time specification, Lspec, in the form “time (hours) 
at (/) temperature (°C),” for example “2,000 hours/105°C.” Un-
less otherwise specified by manufacturer, the expected life Lx at 
a given temperature can be computed from manufacturer data 
using the so-called “10-degree law,” in which the temperature 
Tx is the temperature of the capacitor during operation (time in 
hours, temperature in K).

L L
T T

x spec

X

= ⋅
−

2 10
max

This means that every 10 K temperature reduction doubles 
the operating life (2,000 hours at 105°C = 4,000 hours at 95°C, 
and so on), so that for most applications at moderate operat-

Figure 16. In nonsolid electrolytic capacitors as well as in supercapacitors, the electrolyte is the 
conductive connection between the two electrodes. However, the internal potential drop differs 
greatly for the two technologies. In e-caps, nearly all the potential drops across the anode oxide, 
which is much thicker than the naturally formed cathode oxide. In symmetrical supercapacitors, 
the same double layer occurs at each electrode, so that about half the potential drops across each 
double layer.
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ing temperatures, a life of 15 years or more can be achieved. 
Exceeding the specified life results in reduced functionality (in-
creased ESR, reduced capacitance, and so on) rather than out-
right failure. In older radios, this sometimes can be observed. 
For example if the filter capacitor after the rectifier has dried out, 
the radio hums, but the capacitor has no visible damage. Only 
measurement can reveal that very little capacitance remains.

Lifetime ratings of nonsolid aluminum electrolytic capacitors 
have progressed from approximately 1,000 hours at 65°C in the 
1960s (half year at 45°C) to 3,000 hours at 135°C [19], which 
correlates (at least theoretically) to 175 years at 45°C or, more 
realistically, to more than 15 years at 65°C. Thus, the life of 
e-caps has increased by a factor of about 400, while providing 
greater capacitance and higher ripple current capability in the 
same case size. Common lifetime specifications derived from 
endurance tests at 85, 105, and 125°C are shown in Figure 17. 
Many improvements in purity and stability of capacitor mate-
rials have contributed to this success. Increased boiling point 
of the electrolyte and improved sealing technology have played 
major roles in extending life. For most applications, modern, 
nonsolid aluminum electrolytic capacitors are as reliable as oth-
er electronic devices, and loss of electrolyte over time is not the 
limiting factor for most electronic devices.

Industrial Applications—The Constant 

Challenge
Until about the mid-1950s, the largest markets for electro-

lytic capacitors were radio receivers and later television sets, 
as well as telephone systems, as filter capacitors for interfer-
ence suppression. To a lesser degree, bipolar e-caps, made from 
two anode foils connected in opposite polarity, were used for 
coupling audio signals, in loudspeaker crossovers, and so on. 
“Motor start” capacitors for single-phase AC motors are another 
major market for e-caps. These latter two markets are still very 
active. Some years after the invention of the transistor in 1947, 

electronic technology started an ever more rapid evolution that 
continues today and has created many new markets for e-caps.

New electronic technology facilitated improved electronic 
telephone systems, telegraph and facsimile equipment, elec-
tronic typewriters and printers, and so on, all of which required 
many electronic components. The electronic blinker was one of 
the first applications in the automobile industry. In the 1960s 
an automobile electronic blinker was constructed with discrete 
components that included a low-leakage-current electrolytic ca-
pacitor with very tight tolerance in series with a resistor to deliv-
er the time constant for the blinker frequency. Also, the first ABS 
and safety belt controls in the late 1960s contained aluminum 
electrolytic capacitors. The development of silicon controlled 
rectifiers or thyristors for switching higher power loads was the 
beginning of new electronic applications for automatic and mo-
tor control circuits, which created a large demand for DC-link 
power capacitors that continues to expand.

The market for electronic equipment developed rapidly. The 
50th anniversary catalog of the Valvo company in Germany 
(1974) [20] mentioned the use of e-caps in radio and television 
sets, the above mentioned automotive blinker circuits, but also 
tape recorders, recording mixers, electric typewriters, cash ma-
chines, desktop computers, measuring instruments, speed con-
trols for vacuum cleaners and drilling machines, radio remote 
controls, X-ray equipment, industrial machine controls, and 
heating controls. With the variety of new applications, the de-
mand for high-quality components increased and was achieved 
as a result of improved material purity. With new organic, nearly 
anhydrous solvents, electrolytic capacitors could be produced 
with very low leakage current as well as extended temperature 
range, usable up to 150°C, and very long operating lifetimes. 
The conductivity of standard electrolyte systems was improved 
continuously so that the ripple current capability could be in-
creased in spite of smaller dimensions. Vibration and shock 
resistance were improved through better capacitor structure so 
that e-caps could be applied in harsh environments. However, 
all these developments resulted in a large number of “capacitor 
series” at the manufacturing level, each optimized for differing 
properties.

Several capacitive solutions are usually possible for a given 
electronic circuit. Electrolytic capacitors compete with polymer 
film capacitors and ceramic capacitors. The DC-link application 
(Figure 18) in frequency control circuits for motors is a good ex-
ample of such competition. DC-link capacitors provide interme-
diate energy storage after the AC line is rectified and before the 
power electronics and must accommodate large ripple currents. 
In such applications, electrolytic capacitors or film capacitors 
can be used. Lower price and smaller dimensions speak for the 
electrolytic capacitors, while higher ripple-current capability and 
longer life speak for film capacitors [21] so that the application 
boundaries are blurred. Dissipation of heat from the capacitor is 
a decisive factor for ripple current load, which can be achieved 
in electrolyte capacitors by a special design feature, wherein the 
cathode foil is made wider than the spacer paper and is wound 
so that it has metallic contact both with the cup base and the cup 
wall (Figure 19). This facilitates improved heat transfer to the 
environment, which allows increased ripple current load. With 

Figure 17. The stability of present electrolytic capacitors is de-
termined by slow loss of the electrolyte, which depends on qual-
ity of manufacturing, electrolyte characteristics and materials, 
and sealing. The theoretical life of present nonsolid e-caps es-
timated for operation at 45°C ranges from approximately 3.5 
to 60 years.
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this construction and a forced cooling, the ripple current load 
of a snap-in e-cap capacitor can be increased by a factor of 3 
while maintaining its calculated lifetime, which in some cases, 
is greater than that of film capacitors. On the other hand, similar 
approaches can be taken in film-foil capacitors, which results in 
ever improving performance of both technologies.

The wide range of applications for capacitors creates many 
situations in which the design engineer must decide among dif-
fering capacitor technologies based on technical requirements. 
In the competition among capacitor technologies, overlaps oc-
cur that provide ever changing opportunities based on new de-
velopments (Figure 20).
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Introduction
The first article in this series [1] covered the early history 

of electrolytic capacitors, from their invention around 1880 to 
the invention of the modern Al electrolytic capacitor structure in 
1925. The second article [2] takes us from Samuel Ruben’s 1925 
invention to the wide range of Al electrolytic capacitors pres-
ently on the market. The present article discusses electrolytic 
capacitors based on metals other than Al.

In the first years of the postwar period, the technology of 
electrolytic capacitors was extended with a new family member, 
solid tantalum electrolytic capacitors. Tantalum is a relatively 
“young” metal, which was discovered in Sweden by Anders 
Ekeberg in 1802 [3]. He called it tantalum after Tantalus, the son 
of Jupiter who was punished after death by being condemned 
to stand knee deep in water with perfect fruit growing above 
his head, both of which eternally tantalized him. If he bent to 
drink the water, it drained below the level he could reach, and 
if he reached for the fruit, the branches moved out of his grasp. 
The isolation of this new element was a “tantalizing” experi-
ence, hence the name.

The first relatively pure ductile tantalum was produced by 
Werner von Bolton in Germany in 1903 [4]. Tantalum is twice 
as dense as steel, is highly ductile, is extremely hard, and has the 
fourth-highest melting point of all metals (2,996°C). Tantalum 
is one in the series of so-called “valve metals” as it can form an 
extremely thin but complete and protective oxide layer, which 
makes it a good choice for electrolytic capacitors. The first ap-
plication of metallic tantalum was for incandescent light bulb 
filaments. About 11 million tantalum incandescent bulbs were 
manufactured before ductile tungsten wire replaced tantalum 
filaments in 1909 [5].

With the rapid development of broadcasting technology from 
the mid-1920s, tantalum electrolytic capacitors (Figure 1) devel-
oped in parallel with aluminum electrolytic capacitors. Tantalum 
pentoxide, grown on the surface of tantalum, has three times the 
dielectric constant of aluminum oxide, comparable breakdown 
field (Table 1), and much greater chemical stability. Electrolytic 
capacitors with a tantalum anode were therefore smaller than 
aluminum electrolytic capacitors, with little susceptibility to 
corrosion, which plagued Al e-caps at that time. However, the 

high tantalum melting point (2,996°C) impeded the early devel-
opment of tantalum electrolytic capacitors.

The first Ta electrolytic capacitors were developed in 1930 
by Tansitor Electronic Inc. USA [5] and were not “solid” e-caps. 
They adopted the wound cell and the axial construction of alu-
minum electrolytic capacitors based on a tantalum anode foil 
together with a tantalum cathode foil separated with an elec-
trolyte-impregnated paper spacer. This cell was inserted into a 
metal case sealed with an elastomer, later PTFE, plug or a her-
metic seal. The liquid electrolyte was glycol, lithium chloride, 
or later sulfuric acid for lower ESR. These Ta electrolytic ca-
pacitors were much too expensive for use in commercial radios, 
but their excellent quality, compared with Al e-caps at that time, 
made them suitable for power supplies in military applications, 
which are less price sensitive.

Porous Metal and Solid Electrolyte— 

The New Way
The development of modern solid electrolyte tantalum ca-

pacitors began early in the postwar period, some years after 
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Shockley, Bardeen, and Brattain invented the transistor (1947). 
In the early 1950s, researchers at Bell Laboratories were look-
ing for a more reliable, miniaturized low-voltage capacitor to 
complement their newly invented transistor [6]. Tantalum, as a 
valve metal like aluminium, could be used as electrolytic capaci-
tor, and the higher permittivity of the tantalum pentoxide layer 
compared with aluminum oxide theoretically results in a higher 
specific capacitance than for Al e-caps. The issue was how to 
manufacture tantalum anodes with a large surface area compara-
ble to etched aluminum foils because etching of the chemically 
stable tantalum to exploit a larger surface area was difficult. A 
wet electrolyte has poor low temperature performance as a re-
sult of reduced carrier mobility at low temperature and a limited 
service life due to evaporation. Therefore the researchers inves-
tigated solid electrolytes. The combination of these objectives 
created a big challenge.

The first part of the solution to this problem was developed 
by R. L. Taylor and H. E. Haring at Bell Laboratories in early 
1950 [7]. They ground tantalum to a powder, pressed the powder 
into cylindrical form, and sintered the powder particles at be-
tween 1,500 and 2,000°C under vacuum to produce a highly po-
rous pellet (“slug”; Figure 2). The result was a compact porous 

block in a sponge-like structure, with the individual metallic 
tantalum particles fixed and electrically continuous. The large 
surface within this porous block could be oxidized anodically 
to a dielectric layer to achieve much greater specific capacitance 
than for an etched tantalum foil (Figure 3). Also, the sintered 
tantalum slug provides great mechanical strength, making mili-
tary requirements more accessible.

In the early 1950s, tantalum electrolytic capacitors with a 
sintered anode body were manufactured as axial capacitors 
with a liquid electrolyte [7]. Although they were smaller than 
comparable aluminum electrolytic capacitors, they had the great 
disadvantage of a nonsolid electrolyte. Such construction does 
not solve the problem of poor performance at low temperatures 
or the limited life as a result of electrolyte loss by evaporation. 
These early tantalum capacitors were also relatively heavy and 
expensive [6]. As well, the risk inherent in having a strong acid 
electrolyte on a solid-state circuit board is undesirable. Thus ear-
ly tantalum capacitors were not the solution for a miniaturized, 
more reliable low-voltage capacitor to complement the newly in-
vented transistor. A targeted search for a solid electrolyte began.

In the early 1950s, D. A. McLean and F. S. Power of Bell 
Labs [9] focused their research on manganese dioxide (MnO2), 
a hard, solid oxide, black crystalline semiconductor with fairly 
good electrical conductivity and excellent long-term stability. 
The advantage of manganese dioxide is that it can be formed 

Table 1. Comparative properties of anode materials for electrolytic capacitors

Anode material Dielectric Relative permittivity Oxide structure

Oxide breakdown 

field (V/μm)

Oxide layer thickness 

(nm/V)

Aluminum Aluminum oxide Al2O3 9.6 Amorphous 710 1.4

Crystalline 1,000 1.0

Tantalum Tantalum pentoxide Ta2O5 27 Amorphous 625 1.6

Niobium, niobium oxide Niobium pentoxide Nb2O5 41 Amorphous 400 2.5

Figure 1. Transistors and tantalum pearl capacitors make pos-
sible reduced volume of portable radios, which marked the be-
ginning of miniaturized electronics. Above, the first German 
portable transistor radio from 1957.

Figure 2. Sponge-like sintered tantalum anode structure. Figure 
courtesy of H. C. Starck, used with permission.
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from liquid manganese nitrate by pyrolysis. As a liquid, the 
manganese nitrate can seep into the sponge-like, sintered tanta-
lum block and provide nearly perfect coverage of the dielectric 
oxide surface. Using manganese dioxide, the electrolyte can be 
formed in situ by the pyrolysis of the liquid manganese nitrate 
(1) at 250 to 350°C [10].

 Mn(NO ) H O MnO NO H O3 2 2
T⋅ ⎯ →⎯⎯ + +6 2 62 2 2
Δ

 (1)

This impregnation and heat-driven formation process is re-
peated several times using varying concentrations of nitrate so-
lution to ensure a thick MnO2 coating on the dielectric layer. 
Ideally, 100% coverage of the dielectric layer is achieved. The 
MnO2 that coats the tantalum oxide dielectric acts as solid coun-
ter electrode (cathode) in the tantalum electrolytic capacitor. 
This was the second innovation of Bell Labs which resulted in a 
solid electrolyte Ta e-cap in 1952 [9]. With this solid electrolyte, 
the capacitor electrical properties were stable with temperature, 
especially at lower temperature, were free from lifetime limita-
tion because of electrolyte loss, and provided very low ESR in 
relatively small sizes.

After formation of the MnO2 electrolyte within the Ta slug, 
the capacitive cell had to be connected to a cathode terminal. 
This is achieved with a layer of graphite on the MnO2 coating, 
to which a conductive silver epoxy is applied to provide con-
nection to the metal cathode terminal of the capacitor (Figures 
4, 5, and 6). The graphite layer between manganese dioxide and 
silver prevents direct contact between these layers, which would 
result in oxidation of the silver and reduction of the manganese 
oxide, resulting in increased ESR. The graphite and silver epoxy 
connection to the electrolyte eliminated the expensive tantalum 
cathode foil used in a wound construction with its naturally oc-
curring oxide layer, which both reduced the cost and improved 
performance of the capacitor, as the capacitance is not the re-

sult of series-connected anode and cathode capacitances, as in 
aluminum electrolytic capacitors. In addition, the slug capacitor 
could be covered with an insulating and protective coating so 
that no metal case was required, and the leads could be radial to 
minimize the footprint on a printed circuit board.

Although the fundamental inventions came from Bell Labs, 
the technology for manufacturing commercially viable tantalum 
electrolytic capacitors was developed by researchers at Sprague 
Electric Company. Preston Robinson, Sprague’s director of re-
search at the time, is considered the inventor of commercially 
viable tantalum capacitors (1954) [10], [11]. His invention was 
supported by R. J. Millard, who introduced the “reform” step 
(1955) [12], a significant improvement in which the dielectric 
oxide coating of the capacitor was repaired by an additional an-
odic oxidizing process after each dip-and-convert cycle of MnO2 

Figure 3. An SEM image of a polished tantalum grain with sur-
face oxide layer, magnification 30,000×. Scale bar: 1 μm [8]. 
Figure courtesy of Greatbatch, used with permission.

Figure 4. Cross-section of a sintered, formed (oxidized tanta-
lum) pellet with a solid semiconductor as counter electrode, and 
graphite and silver layers as cathode connection.

Figure 5. Micrograph of the contact layers between anode, elec-
trolyte MnO2, and cathode connection in a solid tantalum elec-
trolytic capacitor. Source: Wikipedia.
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deposition, which reduced dramatically the leakage current of 
the finished capacitor. Sprague, now a Vishay company, soon 
became the leading manufacturer of tantalum capacitors, espe-
cially in the new style of dipped radial tantalum “pearls” (Figure 
1), which soon replaced axial low-voltage Al e-caps in transistor 
radios and television sets. Only a few years later, this United 
States–developed technology was sufficiently perfected that a 
number of manufacturers in Europe and Japan started a large-
scale production.

Presently, >80% of tantalum capacitors are in SMD (sur-
face mount) style, most with manganese dioxide or conducting 
polymer as electrolyte (Figure 7). Because electrolytes are hy-
groscopic, the sealing of the SMD capacitors depends on the 
requirements of the application, ranging from simple lacquer 
coatings over a plastic molding for standard or industrial ap-
plications to hermetic encapsulated metal cases for military or 
space applications.

Unintended Consequences— 

Field Crystallization
The ingenious innovations described above led to a sintered 

tantalum capacitor cell and a new solid electrolyte, which cre-
ated a new type of capacitor, the solid tantalum electrolytic. As 
for all new developments, solid tantalum electrolytic capacitors 
were associated with “unintended consequences” in the form of 
limited ability to heal minor defects in the oxide dielectric. The 
formation of a dielectric oxide layer on the surface of tantalum 
is accomplished by applying a DC voltage of appropriate po-
larity in an electrolytic bath consisting of a weak acid, usually 
phosphoric acid at elevated temperature, so that the following 
chemical reaction (2) takes place [13]:

Anode:

2 Ta � 2 Ta5+ + 10 e

 2 Ta5+ + 10 OH{ � Ta2O5 + 5 H2O (2)

Cathode:

10 H2O + 10 e � 5 H2 � + 10 OH

The “forming” process results in an insulating Ta2O5 (tan-
talum pentoxide) anode surface, the thickness of which is de-
termined by the voltage applied during the forming (Figure 8). 
However, the thin dielectric oxide layer of a tantalum electro-
lytic capacitor must be amorphous, as the crystalline structure 
has 1,000 times greater conductivity combined with a volume 
change during crystallization, which makes it unsuitable as a 
dielectric [15]. The amorphous oxide layer must be highly ho-
mogeneous, as crystalline inclusions would cause conductive 
bridges in the oxide that would increase leakage current and 
could cause a short. The homogeneity of the oxide layer de-
pends, in part, on the purity of the raw material, the tantalum 
powder. Metallic impurities in the sintered tantalum give rise 
to defects in the oxide coating, which disrupt the homogeneous 
structure (Figure 9). Early in the history of solid Ta e-caps, the 
purity of tantalum powder was much worse than at present, so 
that early solid tantalum electrolytic capacitors suffered from a 
high failure rate from shorts.

The failure mechanism that resulted in such shorts was called 
“field crystallization” (Figure 10) and was first described in 1976 
by Goudswaard and Driesens at Philips [16]. This effect results 
from crystallization of amorphous tantalum pentoxide, which 
can be caused by impurities in the tantalum powder, rough han-
dling during manufacturing or use, or mechanical cracks caused 
by heat during soldering. The failure mechanism involves 
growth of tantalum oxide crystals in the anodic amorphous tan-
talum pentoxide layer [17], which can cause an electrical short 
circuit. If the current through the capacitor at a localized short 

Figure 6. Cross-section through a typical molded tantalum chip 
capacitor with manganese dioxide or polymer electrolyte.

Figure 7. Tantalum chip capacitors (yellow) on a PCB of a cord-
less telephone.
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circuit is limited, the heat at the fault location results in isolation 
of the fault by oxidation of MnO2 into insulating Mn2O3. If the 
current is not limited, a single small defect can result in decom-
position of the manganese dioxide to produce oxygen, which, 
combined with current-induced heat, can cause further oxidation 
that spreads to adjacent areas and ultimately results in ignition of 
the tantalum body. This is the reason for “application rules” for 
Ta e-caps that employ MnO2 electrolyte.

Because many of the field crystallization failures in the early 
tantalum capacitors resulted in a complete thermal breakdown 
accompanied by catastrophic thermal runaway and ignition of 
the capacitor, measures were established to reduce significantly 
the probability of failure. One such measure was to increase the 
forming voltage. The forming voltage for Ta e-caps with MnO2 
electrolyte is usually 2.5 to 4 times greater than the rated voltage 
of the capacitor [13], so that a 25 V capacitor is formed at about 
100 V. This ratio reduces the probability of field crystallization 
failures by insulating impurities within the thicker oxide, and 
decreases leakage current at the expense of reduced specific ca-
pacitance which results from a thicker dielectric. Failure was 
also reduced by introducing a series resistance of �3 �/V to limit 
short circuit current to a level that would ensure “self-clearing” 
or to derate the operating voltage, usually by 50% relative to the 
rated voltage [19]. Inclusion of the series resistance eliminated 
the advantage of lower ESR and limited applicability to many 
filter applications. Operation at half rated voltage was often ac-
ceptable in low-voltage applications employing transistors. Thus 
the oxide layer of a solid tantalum e-cap with MnO2 electrolyte 
had to be eight times thicker than for a nonsolid type to ensure 
relatively reliable operation.

Shorting capacitors and application rules for solid tantalum 
e-caps did not hinder the success of this technology in industrial, 
military, and space applications, where long, temperature stable 
life over a wide temperature range or SMD versions are required. 
High quality with low failure rate in sophisticated applications 
was ensured by burn-in and other screening processes. To reduce 
the risk of fire for industrial applications, fused tantalum electro-
lytic capacitors were developed [20]. For consumer applications, 
tantalum pearls had a first boom in the 1960s, which terminated 
as a result of improvements in lower cost, single-ended nonsolid 
aluminum electrolytic capacitors.

Solid tantalum electrolytic capacitors are presently very reli-
able if used within their specified current rating. Since the 1960s, 
the failure rate of tantalum capacitors has improved with reduc-
tion of impurities in tantalum powder [21]. Tantalum powder 
producers such as H. C. Starck GmbH, Germany, worked hard 
to reduce the powder impurities (Figure 10) and to understand 

Figure 8. Since the thickness of the oxide layer is on the order 
of the wavelength of light, the wavelength of reflected light is 
related to the oxide layer thickness (forming voltage). The colors 
shift according to Bragg’s law, which states that optical path 
length is a function of film thickness and index of refraction [14].

Figure 9. Two SEM micrographs of sintered tantalum showing crystallization in the amorphous 
oxide. Impurities in the amorphous oxide cause growth of tantalum oxide crystals in the anodic 
amorphous tantalum pentoxide layer that disrupt the integrity of the dielectric [18]. Figure courtesy 
of NASA Electronic Parts and Packaging (NEPP) Program, used with permission.
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chemical processes during sintering. In addition, the manufac-
turers of tantalum capacitors improved handling during manu-
facturing. As a result, shorting and ignition of Ta e-caps is no 
longer a problem.

Competition Never Sleeps
The development of solid manganese dioxide electrolyte 

for tantalum electrolytic capacitors attracted attention from 
manufacturers of aluminum electrolytic capacitors, especially 
in Europe and Japan, because tantalum is an expensive metal. 
Beginning in the 1960s at Philips in the Netherlands, aluminum 
electrolytic capacitors with solid electrolyte were developed 
and offered to the market in 1964 [22]. This development was 
based on etched aluminum anode foils and was named “SAL” 
from “Solid ALuminum” (Figures 11 and 12). The solid elec-
trolyte offered very long-term electrical stability and little low 
temperature variation in impedance, which was very important 
for emerging automotive electronics. In combination with the 
solid electrolyte, the aluminum oxide dielectric has relatively 
high reverse voltage capability. As well, the capacitors did not 
burn upon failure and could be used without current limitation. 
These characteristics addressed three important deficiencies of 
tantalum electrolytic capacitors. As a result of the large increase 
in the price of tantalum in the mid-1970s, many users tried to 
replace the tantalum e-caps with other solutions, and the SAL 
capacitors were an ideal replacement for industrial and automo-
tive applications.

Philips was not the sole source for solid electrolyte aluminum 
electrolytic capacitors. In 1970 Sanyo released its “ALSICON” 
capacitors [23], which use sintered aluminum pellets as anodes. 
Fujitsu (ALOXCON), Taiyo Yuden, and NCC with their MFX 
and MFZ series also offered solid Al electrolyte capacitors. Al-
though some companies produced solid electrolyte Al e-caps, 
the success of this technology on a worldwide scale was limited. 
Based on new electrolytes, such as the OS-CON e-caps with 

organic salt electrolyte by Sanyo in 1983 and a little bit later 
conducting polymer electrolyte capacitors, use of manganese 
dioxide in Al e-caps declined and is now obsolete.

Miniaturization of Tantalum Capacitors  

and Limits
After Jack Kilby and Robert Noyce (1958/59) invented the 

“integrated circuit” and Fairchild manufactured the first com-
mercial integrated circuit in 1961, integrated circuit technology 
became the basis of nearly all electronic equipment. Initially, ICs 
contained relatively few transistors, but over time the number in-
creased to the point that the first Intel microprocessor, “4004,” 
was released in 1971, ICs for switching power supplies in 1976, 
and ICs for “on board” DC/DC converters around 1980. Moore’s 
law, formulated in 1965 by Gordon Moore, hypothesized that 
the practical number of transistors on an IC would double every 
two years, which has been a very good approximation from the 
1971, 4,004 microprocessor with 2,300 transistors, to the 2011 
quad core processors with 109 transistors. This development was 

Figure 10. Typical tantalum powder impurity reduction between 
2004 and 2008. The reduction of impurities in commercially 
available tantalum powder over time resulted in improved qual-
ity of tantalum capacitors which reduced failure rates [21].

Figure 11. Cross-section of a solid aluminum electrolytic capac-
itor with a solid MnO2 or polymer counter electrode (electrolyte) 
and cathode terminal connection with a layer of graphite and 
silver.

Figure 12. Cross-section of a radial SAL-capacitor, an alumi-
num electrolytic capacitor with solid manganese dioxide elec-
trolyte. Figure courtesy of Vishay, used with permission.
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accompanied by decreasing supply voltages, increasing supply 
currents, and increasing power supply switching frequencies. 
Present high end microprocessors can draw peak currents well 
over 100 A at 2 V or lower, which requires local energy storage 
very close to the processor (large capacitance, low ESR and ESL 
capacitors) to present a low impedance supply to the processor 
[24].

At the beginning of these developments, the new solid tanta-
lum electrolytic capacitors were well suited to integrated circuit 
technology. Small size, low leakage current, very low ESR, and 
stable impedance at low temperature were important for indus-
trial and military applications, as well as for compact consumer 
products such as car radios and pocket calculators, in which the 
higher component price was acceptable due to space limitations. 
Until about 1980, radial tantalum solid electrolyte capacitors 
were adequate for most applications with little pressure for fur-
ther improvement. That changed around 1980, as surface mount 
technology, developed by IBM in the 1960s, increased the de-
mand for SMD chip capacitors.

By 1980, following Moore’s law, the density of ICs had in-
creased to the range of 100,000 transistors, which resulted in 
the demand for greater capacitor transient current capability at 
lower voltages. The greater transient current demand required 
increased capacitance, often at reduced voltage, in the same or 
smaller case volume. Since capacitance of tantalum electrolytic 
capacitors is proportional to the surface of the anode, and the 
anode surface depends on the size of the powder particles, the 
particle size defines the capacitance in a manner similar to alu-
minum electrolytic capacitors, where etching of the anode foil 
increases the roughness and consequently the capacitance. The 
miniaturization of the tantalum electrolytic capacitors is there-
fore based on the reduction of the tantalum powder particle size 
(Figure 13), which is in the domain of the tantalum powder 
manufacturers. In addition, the increased use of SMD technol-
ogy required “chip” capacitors of “flat” design with roughly the 
same height as an IC. The “case D” chip capacitor format has a 
footprint of 7.3 × 4.3 mm with a typical height of about 2, 3, or 
4 mm.

H. C. Starck of Germany is the world’s dominant manufac-
turer of tantalum powder for capacitors. Initially, it recovered 
tantalum and niobium from hard metal scrap during World War 
II [25]. As a result of its dominant position as a supplier of Ta 

powders to tantalum capacitor manufacturers, from the 1960s 
onward, Starck invested a great deal of effort to improve the 
purity of Ta powder and increase the specific capacitance there-
of. Up to the middle of 1990s, the standard powder production 
process with Na powder reduction could support the demand 
for smaller tantalum powder grains. However, in the middle of 
1990s as a result of intensive cooperation with capacitor man-
ufacturers, a new powder production process was developed 
based on the reduction of Ta2O5 powder by magnesium vapor at 
850 to 950°C [26] that produced Ta powders with an extremely 
fine, spongy structure if sintered.

As a result of this new production process, from the mid-
1990s to 2010 tantalum powders exhibited around a ten-fold im-
provement in CV/g, from approximately 20 k to 200 k (Figure 
14). The latter has an internal surface of 2 to 5 m²/g [26], [27]. 
As of 2015 tantalum powders have reached 300 k CV/g. As a 
result of improvements between 1970 and 2015, the CV-value in 
SMD case D increased by a factor of about 10 from 100 �F/6.3 
V to 1,000 �F/6.3 V, which reduced the volume of a 100 �/6.3 
V from about 190 mm3 (“e” case) to about 1 mm3 (“J” case) 
(Figure 14).

The reduction of tantalum powder particle size to increase 
the capacitance per unit capacitor volume has limits. When Ta 
is converted to amorphous Ta2O5 oxide during the forming pro-
cess, about one-third of the oxide penetrates into the Ta and two-
thirds is above the surface of the Ta from which it was formed, 
as the Ta2O5 is less dense than the Ta. If the original Ta particle 
is small compared with the oxide layer thickness, the metallic 
conducting connection between two powder grains may be con-
verted completely to oxide so that the powder grain does not 
contribute to the capacitance (Figure 15). With special sinter-
ing methods like Y-sintering [17], this balance can be optimized; 
however, it is not possible to use finest powders for higher rated 
voltages.

The pore channels remaining in the sintered body after form-
ing (Figure 15) also pose a limitation. Tantalum capacitors use 
either manganese dioxide or conductive polymer as a cathode 
material. In both cases, after forming (oxide formation), liquid 
precursors from which the cathode is produced must impregnate 
the porous sintered anode. This liquid has to penetrate fully all 
the pores within the sintered body to ensure complete coating 
of the dielectric structure for maximum capacitance. The size of 

Figure 13. The industry-used definition of the powder particle size is given in capacitance·volt/weight (μFV/g or CV/g). These three 
SEMs show micrographs of sintered tantalum powders of 18 k, 100 k, and 300 k μFV/g or CV/g particle size. Figures courtesy of H. 
C. Starck, used with permission.
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the channels between the pores determines capillary forces and 
air/gas dissipation. These effects influence the degree of surface 
coverage, conformity of the cathode to the oxide surface, and, 
consequently, the capacitance and ESR. Thus a relationship ex-
ists among Ta structure, Ta particle size, and appropriate form-
ing voltage, which limits the capacitance per unit volume for a 
Ta capacitor. Tantalum powders with very high specific capaci-
tances are only useable for capacitors with lower rated voltages. 
Figure 16 shows the relation between particle sizes and forming 
voltages which limits the miniaturization of tantalum capaci-
tors. For more recent tantalum powders for both low-voltage 
and high-voltage applications, the new challenge is structural 
homogeneity of grain particles to optimize the difficult balance 
between the pore channel and sintered neck sizes [28].

If the forming voltage can be reduced below the 2.5 to 4 times 
the rated voltage as required for manganese dioxide electrolyte 
to maintain reliability, further volume reduction for a given CV 
value is possible. Thus further progress was only possible if the 
failure mechanism of tantalum capacitors could be modified, 
which was achieved through the use of polymer electrolytes 
[17], [19]. The development of advanced IC technology has re-
duced supply voltages to 2.5 V and below so that products like 
mobile phones, wireless handsets, portable audio players, and 
digital cameras can benefit from super-high CV/g tantalum pow-
ders that result in miniaturized tantalum chip capacitors.

With availability of very fine, high structure tantalum powders 
with excellent grain homogeneity, miniaturization of tantalum 

capacitors started a new phase. Also the density and consistency 
of the electrolyte precursors improved to provide a near-perfect 
cathode plate layer that presently achieves more than 90% cov-
erage of the dielectric oxide surface. However, increasing capac-
itance by creating smaller pores in the anode structure normally 
results in greater losses (ESR) as a result of smaller current path 

Figure 14. Downsizing of tantalum chip capacitors between 1970 and 2015 and increase of tan-
talum powder specific capacitance. The specific powder capacitance increased from about 20,000 
μFV/g to 300,000 μFV/g, which resulted in the volume of a 100 μF/6.3 V tantalum chip capacitor 
decreasing from around 190 mm3 (e case) down to around 1 mm3 (J case).

Figure 15. Two bottlenecks limit the further miniaturizing of tan-
talum capacitors, the sinter necks between the tantalum grains 
and the size of the anode pore channels.
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cross sections. Miniaturizing of electrolytic capacitors therefore 
had two important aspects, volume reduction and ESR/ESL re-
duction. Thus increasing the specific capacitance and simultane-
ous decrease in ESR/ESL is a second major challenge.

New Solid Electrolytes—ESR Reduction
Many researchers worked for decades to improve electrolytic 

capacitors. Probably none had greater impact in reducing ESR 
than Alan J. Heeger. Along with F. Wudl, he explored electrical-
ly conductive organic salts, which resulted in the 1973 discovery 
of the narrow band gap semiconductor combination of TCNQ 
(7,7,8,8-tetracyanoquinodimethane or N-n-butyl isoquinolin-
ium) and TTF (tetrathiafulvalene) [29]. As a solid electrolyte, 
this organic salt has an order of magnitude better conductivity 
at room temperature along the chains than manganese dioxide, 
and a thousand times better conductivity than liquid electrolytes.

Alan J. Heeger was also involved in the second ESR revolu-
tion, the discovery of conducting polymers. Along with Alan G. 
McDiarmid and Hideki Shirakawa, Heeger received the 2000 
Nobel Prize in Chemistry [30] for this discovery, which resulted 
in the first generation of polymer electrolytic capacitors based 
on polypyrrole (PPy) and, later, a second generation based on 
PEDOT.

TCNQ and the later conductive polymers influenced greatly 
the development of modern electrolytic capacitors. Until the 
early 1980s, aluminum and tantalum electrolytic capacitors em-
ployed only two electrolytic systems, liquid electrolytes with 
conductivities around 0.01 S/cm used mostly in Al e-caps, and 
manganese dioxide as a solid electrolytes with conductivities 
around 0.1 S/cm used in solid Ta e-caps. For the less expensive 
nonsolid Al e-caps, the newly developed liquid electrolytes prior 
to the 1980s provided only incremental improvements in per-
formance. The much lower ESR of capacitors with solid MnO2 
electrolyte, which had a ten-fold greater conductivity and much 
better temperature stability than nonsolid electrolytes, was more 
or less limited to relatively expensive tantalum capacitors. By 
the beginning of the 1980s, increasing quantities of electronic 
devices created an urgent need to improve the electrolyte con-
ductivity for low cost aluminum electrolytic capacitors with low 
ESR to support the power requirements of more highly integrat-
ed circuits. As the power requirements of these circuits grew, 
the functionality of the capacitors in the power supplies could 
be ensured only by increasing sizes or parallel connection of 
several capacitors. A novel ideal was needed to take the tech-
nology down a “new path” with new electrolytes with higher 
conductivities to produce e-caps with lower ESR capable of pro-
viding greater peak currents at low voltage to ever more highly 
integrated circuits.

TCNQ—The First Electrolyte Breakthrough
This first electrolyte breakthrough came with a new solid 

organic conductor, the charge-transfer salt complex TCNQ-
TTF, which was discovered in 1973 by A. Heeger and F. Wudl 
[29] (Figures 17 and 18). With a conductivity around 1.0 S/
cm, TCNQ electrolyte has an order of magnitude greater con-
ductivity at room temperature along its chains than manganese 

dioxide, and a thousand times greater conductivity than liquid 
electrolytes. This organic salt was a breakthrough in electrolyte 
conductivity.

In 1974, the year Intel introduced the first 8 bit microproces-
sor and one year after discovery of TCNQ-TTF, the first alumi-
num electrolytic capacitor with a charge-transfer salt cathode 
was proposed [31] and patented by Matsushita [32]. However, 
nine years of development were required before Sanyo launched 
their “OS-CON” TCNQ-based capacitors in 1983 [33] with the 
mechanical construction of a “wet” single-ended electrolytic ca-
pacitor with a wound cell based on two aluminum foils and a 
paper spacer but impregnated with the TCNQ salt as electrolyte 
(Figure 19). The development took so long because impregnat-
ing the winding and filling the porous anode oxide structure with 
solid, crystalline salt was not simple. The salt must be molten at 
higher temperature for impregnation, the impregnation process 
has to be repeated several times, and the weakened anode oxide 
has to be healed after impregnation.

Sanyo developed the OS-CON capacitor technology as a re-
sult of the strong demand for such capacitors in the Sanyo prod-
ucts such as car radios and compact disc players. As a result of 
greatly reduced ESR and much greater ripple current capability, 
a single 100 �F/6.3 V OS-CON capacitor could replace three 
680 �F/6.3 V nonsolid Al e-caps or two 220 �F/10 V solid tan-
talum capacitors [34] (Figure 20). The OS-CON e-cap, followed 
in 1991 by the OS-CON SMD chip, was an enormous step for-
ward in miniaturizing electronic devices.

Although Sanyo was the only manufacturer in the market, 
these capacitors were used worldwide for applications that re-
quired lowest possible ESR or highest possible ripple current, 
especially in compact power supplies, because at that time, they 
offered the best technical solution at an acceptable price. The 
success was surprising in the absence of a second source; how-
ever, the technological advance was so great that by 1995, the 

Figure 16. The thickness of the oxide layer limits further volume 
reduction of tantalum capacitors by decreasing of tantalum par-
ticle size [17].
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Sanyo OS-CON was the preferred decoupling capacitor for the 
Pentium Processor used in IBM PCs.

The aluminum TCNQ e-caps from Sanyo met their demise as 
a result of the 2004 Ch�etsu earthquake in Japan, which caused 
severe damage to Sanyo’s semiconductor plant. Sanyo suffered 
a huge financial loss, as a result of which Sanyo sold its passive 
businesses to Panasonic in 2010 [35], after which Panasonic re-
placed the TCNQ salt in OS-CON capacitors by a conducting 
polymer and sold the capacitors under the same brand name.

Conductive PPy Polymer— 

The Next Breakthrough
The solid electrolyte TCNQ-TTF provided excellent elec-

trical properties in the OS-CON capacitors, but also had some 
drawbacks. For example, the low viscosity of the molten TCNQ 
salt limited wetting of pores in the etched anode, so that the spe-
cific capacity was lower than in the “wet” electrolytic capaci-
tors. The crystalline structure of the salt also made the capacitors 
sensitive to shock or vibration. In addition, the SMD versions 
of these capacitors suffered a significant increase of the leakage 
current after reflow soldering. Room remained for an improved 

solid electrolyte based on conducting polymers, first discovered 
in 1977.

Conductive polymers have a significantly greater conductiv-
ity than TCNQ, and therefore offered an opportunity to reduce 
ESR. After experiments with polyaniline were unsuccessful, at-
tention turned to PPy, which can achieve conductivity of 100 S/
cm as an electrolyte. Polymerization was the major challenge 
in turning PPy into a useful solid electrolyte. When pyrrole is 
mixed with oxidizing agents at room temperature, polymeriza-
tion begins immediately, so that PPy forms before the chemical 
solution has filled into the anode pores. The polymerization rate 
can be controlled by cryogenic cooling; however, such cooling 
is impractical for mass production. The polymerization rate also 
can be controlled by electrochemical polymerization (Figure 
21), which requires that an auxiliary electrode layer be deposited 
on the surface of the insulating dielectric [36]. This approach can 
be implemented through incorporation of ionic dopants from the 
electrolyte into the polymer during the first dip into a solution of 
the PPy precursors, after which the auxiliary electrode is used to 
impose an electric current that controls the rate of polymeriza-
tion to produce a thin, stable PPy film over the dielectric oxide 
layer of the anode [35], [37]. However, both methods of in situ 
polymerization require multiple cycles of impregnation, polym-
erization, and cleaning that increase manufacturing costs.

In 1988 after many years of development, the first polymer 
electrolyte e-cap, “APYCAP,” was launched by the Japanese 
manufacturer Nitsuko with the intention of revolutionizing the 
industry [38]. As electrolyte, it employed the conductive poly-
mer PPy, which was polymerized as a thin “skin” in the pores of 
the etched aluminum anode. The 500 kHz impedance of this first 
polymer electrolyte capacitor was less than 2% that of Al e-caps 
and less than 10% of solid tantalum capacitors. The allowable 
ripple current at 100 kHz and 85°C was more than 15 times that 
of Al e-caps and more than 10 times that of tantalum caps. The 
ESR of the polymer e-caps was appreciably lower than TCNQ 

Figure 17. Chemical structure of a TCNQ charge-transfer salt. 
Source: Wikipedia.

Figure 18. Chemical formula and scanning tunneling micro-
scope image of a TCNQ-TTF surface. Figure courtesy of FU-
Berlin, Dekanat Physik, used with permission.

Figure 19. Cross section of a wound aluminum electrolytic 
capacitor with solid TCNQ or conducting polymer as counter 
electrode. The spacer is soaked with solid electrolyte, which is 
contacted via a cathode foil.
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e-caps (Figure 22). Nitsuko did not have great success with these 
capacitors, in part because they were not available in SMD ver-
sions.

In 1991 Panasonic introduced the SP-CAP-CA series, the 
first SMD polymer aluminum electrolytic capacitors with 
stacked anode foils (Figure 23) [39], which had a PCB footprint 
similar to the SMD tantalum D case (7.9 × 5.3 mm instead of 7.3 
× 4.3 mm), with the height of 3.3 mm, which made them suit-
able for placement with ICs. The 4-terminal connection of these 
capacitors lowered inductance to achieve 1 MHz self-resonance 
for a 10 �F/6.3 V capacitor. They could sustain ripple current 
of 1 A, which is about 50% greater per unit volume than for an 
OS-CON TCNQ e-cap, and they had the lowest height of all 
available aluminum e-caps at that time. With their low height, 
they were compatible with the new trend in flat SMD design, 
which was pioneered by Apple. In 1991 Panasonic used six of 
these capacitors in its camcorder, which provided experience for 
further development of their SP-CAP-CB series, which would 
be offered two years later. These capacitors had the dimensions 
of the tantalum D case with heights of about 2, 3, and 4 mm 
for direct competition with tantalum SMD chips. These polymer 
aluminum e-caps used a special doped PPy as polymer cathode, 
which was conductive even at the high temperatures necessary 
to survive the standard reflow soldering process.

The manufacturers of tantalum electrolytic capacitors lagged 
in supplying polymer cathodes. In 1993, five years after the first 

polymer aluminum electrolytic capacitors, NEC introduced 
SMD polymer tantalum electrolytic capacitors. This “NeoCap” 
also used a PPy electrolyte, and the electrical parameters, such as 
impedance and ESR, were comparable to the Panasonic polymer 
aluminum e-caps. In 1997 Sanyo followed with the “POSCAP” 
polymer tantalum SMD chips, which achieved smaller volume 
and footprint on the PCB than the “D” case. The POSCAP M 
size, for example, has a footprint on the PCB of only 2.0 × 1.25 
mm.

In addition to reduced ESR, the use of polymer electrolytes 
in Ta e-caps improved reliability. In case of a short due to field 
crystallization of the oxide dielectric, the conducting polymer 
anode no longer ignited because the polymer electrolyte did not 
produce oxygen during decomposition as did MnO2 anodes if the 

Figure 21. Chemical structure of pyrrole. Pyrrole can be polym-
erized electrochemically to control the speed of the polymeriza-
tion. Source: Wikipedia.

Figure 22. Impedance and ESR as a function of frequency for 
various electrolytic capacitors: green, wet Al e-cap, 16 V, 100 
μF; blue, MnO2 tantalum capacitor, 10 V, 100 μF; pink, OS-
CON, 10 V, 100 μF; red, polymer tantalum/aluminum, 6.3 V, 100 
μF; black, ceramic capacitor class 2, 6.3 V, 100 μF.

Figure 23. Cross section of a SMD polymer aluminum electro-
lytic capacitor with stacked anodes.

Figure 20. Due to the much lower ESR and higher ripple cur-
rent capability, one OS-CON capacitor of 100 μF/6.3 V could 
substitute two 100 μF/10 V solid Ta caps or three 680 μF/6.3 V 
wet Al e-caps. At −40°C the required number of wet Al e-caps 
increases to seven.
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current is unlimited. Faults in the oxide layer of polymer electro-
lyte capacitors resulted in local destruction of the polymer and 
isolation of the defect, similar to manganese dioxide electrolytes 
for the case of limited currents. The self-clearing mechanism 
of polymer electrolytes depends on the type of polymer and 
can involve evaporation or oxidation of the polymer. This self-
healing mechanism in polymer tantalum electrolytic capacitors 
improves the reliability of such capacitors significantly [44]. As 
a result of self-healing, the application rules for polymer tanta-
lum electrolytic capacitors became much less stringent. Instead 
of a voltage derating of 50% for Ta caps with MnO2 electrolytes, 
polymer-Ta caps operate with good reliability at voltage derat-
ing of only 20%.

PEDOT Optimized Production  

and Characteristics
In the late 1990s TCNQ as well as polymer tantalum and 

polymer aluminum electrolytic capacitors prevailed in many 
electronic devices. However, TCNQ and PPy also had some re-
strictions. In order to achieve a complete, homogeneous cov-
ering of the dielectric with the PPy, many impregnation steps 
(dips) are required, which is expensive. The new lead-free sol-
dering with a peak temperature of about 260°C was problematic 
for both TCNQ and PPy. During SMD reflow soldering, heat can 
weaken the oxide layer, which leads to increased leakage cur-
rent. Also, PPy is a toxic chemical, and in 1999 Japanese work-
ers suffered serious health problems as a result of relatively high 
vapor pressure of the pyrrole during capacitor manufacturing.

Problems related to increased soldering temperatures were 
also known by one of the main suppliers of tantalum powders, 
H. C. Starck GmbH, Germany, at that time a subsidiary of the 
Bayer AG. In 1988 researchers at Bayer, one of the main world-
wide chemical suppliers, developed a new class of conducting 
polymers based on thiophenes for use as electrolyte in capaci-
tors [41]. These conducting polymers could be polymerized 
by a chemical oxidative polymerization. In this process EDOT 
(3,4-ethylenedioxythiophene), the monomeric precursor of the 
conducting polymer PEDOT (Figure 24), is polymerized by an 
oxidizer, e.g., iron(III) salts such as Fe(III) toluenesulfonate. 
Ions of the oxidizer or additional ions act as dopants. The mono-
mer and oxidizer are introduced into the porous anode structure 
sequentially and polymerized in situ. PEDOT provides improved 
conductivity (up to 500 S/cm [36]), provides much greater tem-
perature stability than PPy or TCNQ, and can withstand short-
term exposure to 280°C [36], as required for lead-free soldering. 
Furthermore, PEDOT is not classified as a toxic chemical, and 
polymer capacitors with PEDOT electrolyte achieve lower leak-
age currents than with PPy polymer. However, the high tempera-
ture stability of PEDOT was the major motivation in replacing 
less stable PPy polymer.

Tantalum chip capacitors based on PEDOT were developed 
by NEC-Tokin in the mid-1990s. Kemet took over these devel-
opments through a licence and presented their newly developed 
T520 series at the 1999 “CARTS” conference [40]. The ESR of 
these tantalum PEDOT capacitors was about half that of the best 
Ta e-caps with conductivity-optimized MnO2 electrolyte [42].

Two years later at the 2001 APEC conference, Kemet intro-
duced PEDOT polymer aluminum e-caps to the market [44] 
based on a joint venture with Showa Denko, a leading supplier 
of etched aluminum foils whom had developed stacked polymer 
aluminum capacitors in the mid of the 1990s. The AO-Cap se-
ries from Kemet included SMD capacitors with stacked anode 
in “D” size with heights from about 1.0 to 4.0 mm, in competi-
tion to the Panasonic SP-Caps using PPy at that time and other 
polymer tantalum e-caps.

PEDOT polymer provides advantages such as greater temper-
ature stability and lower leakage current; however, the sequential 
process of in situ polymerization with several dips was costly 
and time consuming. This problem was addressed through the 
development of highly conductive premixed and prepolymer-
ized PEDOT dispersions with PSS [poly(styrenesulfonate)] as 
counter ion by researchers from Bayer (later H. C. Starck) [36]. 
Such dispersions already contain the PEDOT polymer in the 
form of nanoparticles, and the anodes could simply be dipped 
into the dispersion and dried without cryogenic cooling or elec-
trochemical polymerization. Thus the manufacturing of polymer 
electrolytic capacitors is facilitated significantly by PEDOT:PSS 
dispersions because all process steps of the chemical or electro-
chemical polymerization can be substituted by simple coating 
steps. Only three dips are necessary to reach an anode surface 
coverage of 95% [45].

The development of PEDOT:PSS was an evolutionary pro-
cess over the first decade of the new millennium and was first 
commercialized under the trade name Baytron, today by Heraeus 
with the trade name CleviosTM. In the meantime, many disper-
sions have been developed for various applications. For example, 
a dispersion of ~30 nm PEDOT:PSS particles can impregnate the 
highly porous anode structures of sintered tantalum anodes made 
of finest Ta grains or highly etched aluminum foils by capillary 
action to form a very thin conductive and protective film on the 
oxide dielectric of the capacitor (Figure 25) [46], [47]. Alterna-
tively, dense PEDOT:PSS dispersions with greater particle size 
can be used to form barrier and buffer layers on the outside of the 
porous capacitor body in tantalum and stacked aluminum capaci-
tors to protect the capacitor body from damage that could result 
from the mechanical stress during the pressure molding and en-
capsulation process, as well as to prevent penetration of carbon 

Figure 24. Chemical structure of poly-3,4-ethylendioxythio-
phene PEDOT. Source: Wikipedia.
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or silver particles used as cathode electrodes into the dielectric. 
The critical polymer forming properties, adhesion to the anode 
body and edge, and corner coverage are adjusted by appropriate 
formulations of buffer layer PEDOT:PSS [36].

After a learning curve of some years, polymer capacitor 
manufacturers used the new PEDOT:PSS dispersions for all tan-
talum powders, including those formed from the finest grains, 
and for highly etched aluminum foils to achieve capacitor ESR 
in the tens of milliohms. Thus the application of premixed 
PEDOT:PSS dispersions as an e-cap electrolyte reduced manu-
facturing costs and improved capacitor performance, including 
reduced leakage current. Newly developed PEDOT:PSS poly-
mers increase the voltage range for polymer capacitors to 250 V 
[48]. Presently, CleviosTM PEDOT:PSS polymer dispersions in 
various forms dominate the market for conducting polymers in 
electrolytic capacitors [46], [47], [49].

Always Better—Work Out the Details
In retrospect, the development of improved PEDOT polymer 

electrolyte by Bayer was the starting point for further capaci-
tor developments to achieve reduced ESR, decreased equivalent 
series inductance (ESL), and increased capacitor resonant fre-
quency, resulting in reduced impedance to higher frequencies 
and shorter time scales, i.e., more rapid response to a change in 
load. Improvements in capacitor structure and processing also 
contributed to reduce ESR and ESL.

In 1998 Kemet introduced a low-ESR tantalum chip capaci-
tor with guaranteed ESR <30 m� on the basis of a novel, mul-
tiple-anode configuration (Figure 26) that employed a thicker 
than usual MnO2 electrolyte and optimized carbon/silver cath-
ode connection [42], [50]. Some years later, the multianode con-
struction with polymer electrolyte has reached single-digit mil-
liohm ESR. Through such improvements, the specified maximal 
ESR of a 7.3 × 4.3 × 4.0 mm tantalum chip capacitor decreased 
from 100 m� (single anode, MnO2 electrolyte) to 35 m� (mul-
tianode, MnO2 electrolyte), 10 m� (polymer electrolyte), and 5 
m� (multianode, polymer electrolyte). These developments re-
duced the ESR to levels inconceivable in the early days of the 
technology, and are essential for proper operation of modern 
digital electronics.

Another development with the objective of minimizing ca-
pacitor inductance was “face-down” construction [51] (Figure 
27). By asymmetric placement of the sintered tantalum cell in 
tantalum SMD chip capacitors, lead lengths could be reduced 
to reduce inductance. Using the outer silver layer as terminal to 
the PCB, the resonant frequency can be increased at the same 
time that the capacitor volume and height are reduced [52], [53]. 
A similar increase in the self-resonant frequency of polymer 
electrolyte SMD Al e-caps results from the stacked anode stripe 
construction (Figure 22). All these developments, polymer elec-
trolyte, multianode technology, and face-down design, were in 
pursuit of one objective, miniaturization of electronic devices.

Tantalum Price Shortages
With the rapid development of transistor radio and television 

technology in the 1970s, strong competition developed between 

the new solid tantalum capacitors and nonsolid aluminum elec-
trolytic capacitors. Tantalum caps were more expensive, which 
was often justified by the reduced size or lower leakage current 
and lower ESR. This situation changed in 1980, as speculation 
in the commodities market caused a tantalum powder shortage, 
accompanied by a large increasing price of tantalum (Figure 28), 
which resulted in a shortage of Ta e-caps [54]. Sometimes lower 
purity Ta powder was used for capacitor production, which led 
to an increasing number of short circuits and burning capaci-
tors, which caused reduced acceptance of tantalum capacitors 
in industry, although fused tantalum capacitors were developed 
to reduce the risk of fire. Higher prices with decreasing quality 
led to the abrupt end of the boom in the tantalum capacitors in 
consumer electronics. New radial nonsolid aluminum capacitors 
with the same 2.5 mm pitch of tantalum pearls could replace 
tantalum capacitors at lower cost. Improvements in aluminum 
e-caps, such as lower leakage current series, made the replace-
ment easier.

For some years after the first shortage in Ta powder, tanta-
lum capacitors survived only in high price niches such as mili-
tary, space, medical, or industrial applications with stringent 
requirements for temperature stability or reliability, which were 
achieved by burn-in during manufacturing. With the increasing 
application of SMD technology in the late 1980s, the demand 
for SMD tantalum capacitors grew. Today, roughly 80% of all Ta 
e-caps are SMD tantalum chip capacitors [55], which consume 
roughly 40% of global tantalum production [56].

Another shortage of tantalum ore occurred in 1999 to 2000, 
which resulted in a large increase in the price of Ta powder and 
the resulting capacitors. The question was whether the shortage 
and price increase was “real” or “manufactured.” From 1985 to 
1995, the price for tantalum remained roughly stable, and the de-

Figure 25. The soft and elastic conducting nanoscale polymer 
PEDOT:PSS within the sintered slug is only a thin layer cover-
ing the surface of the tantalum pentoxide dielectric layer of a 
tantalum particle [36], [43]. Figure courtesy of Heraeus, used 
with permission.
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mand in tons grew as a result of the growing demand of tantalum 
SMD chips. Since approximately 1995, the demand from Inter-
net related devices such as cell phones, laptops, and flat screen 
devices increased dramatically, reaching double-digit percent-
age yearly growth. Media reported a scramble for Ta capacitors, 
which resulted in double and triple ordering. Worst of all, ad-
ditional speculators entered the supply chain, which resulted in 
an explosion in the price of tantalum [54]. The price spike was 
short lived, and prices crashed in 2001 combined with long-term 
contracts along the tantalum supply chain. However, during the 
second round of speculation, the quality of capacitors remained 
stable, but this second tantalum capacitor shortage motivated 
development of the third member of the e-cap family, niobium 
electrolytic capacitors.

Niobium Capacitors—Addition  

to the Supply Chain
Niobium (Nb) is a sister metal to tantalum and a “valve met-

al” subject to anodic oxidation. The first developments in nio-
bium capacitors took place in the late 1960s in the United States 
and the former Soviet Union [57]. In the United States, the de-
velopment was abandoned as a result of high and unstable leak-

age current. In the former USSR, niobium electrolytic capacitors 
were produced in place of the tantalum capacitors that were used 
in the West. The shortage of tantalum ore in 2000 renewed the 
interest in niobium capacitors in the West, which added a new 
material to the supply chain. Niobium is much more abundant 
and less expensive than tantalum. The substitution of niobium 
for tantalum was relatively straightforward from a manufactur-
ing perspective, and the expected development costs seem man-
ageable.

Niobium was discovered by the English chemist Charles 
Hatchett in 1801, one year earlier than A. Ekeberg discovered 
tantalum. Hatchett found this new element in a mineral sample 
that had been sent to England from Massachusetts by John Win-
throp, and he named the mineral columbite after Columbia, the 
poetical name for the United States. The columbium discovered 
by Hatchett was probably a mixture of the new element with tan-
talum. In 1846 the German chemist Heinrich Rose determined 
that tantalum ores contain a second element, which he named 
“niobium” after Niobe, a child of Tantalus, not knowing that 
the element had already been discovered and named the colum-
bium. In 1864 and 1865, a series of scientific findings showed 
that niobium and columbium were the same element (as distin-
guished from tantalum), and for a century, columbium was used 
in American journals while niobium was used in Europe. Nio-
bium was adopted officially in 1949, but columbium remains in 
use in metallurgy in the United States [57].

The materials and processes used to produce niobium elec-
trolytic capacitors are essentially the same as for tantalum elec-
trolytic capacitors. Niobium has a similarly high melting point 
(2,744°C) and exhibits similar chemical properties. Niobium 
pentoxide offers ~40% greater dielectric constant (� = 41) com-
pared with tantalum pentoxide (� = 26) but with ~30% lower 
proof voltage. This implies that approximately the same CV 
value can be obtained from the same amount of material [58]. 
Unfortunately, the present generation of capacitor grade nio-
bium oxide powder cannot reach the energy density of tantalum 
powders because the available powder grain size is not compa-
rable, so that in reality, the Nb e-caps are larger than Ta e-caps 
for similar CV.

Figure 26. Cross section of a tantalum chip capacitor with mul-
tiple anodes. The parallel connection of the individual capaci-
tors within the package reduces the ESR of the capacitor. Figure 
courtesy of Kemet, used with permission.

Figure 27. By mounting the tantalum sintered body in asymmet-
ric “face-down” design (left), due to the shortest current path, 
the ESL can be brought down to one-third of the previous value 
and the specific volume, especially the height can be reduced.

Figure 28. Prices for tantalum between 1975 and 2015. Figure 
courtesy of Argus Media Limited. © 2015 Argus Media group, 
used with permission.
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Niobium (conductivity of 7.5 × 104 S/cm), unlike tantalum or 
aluminum, forms a number of oxides, including NbO (�104 S/
cm, conductor), NbO2 (�10{4 S/cm, semiconductive), and Nb2O5 

(�10{16…10{6 S/cm, insulator) [59]. Niobium metal has a good 
conductivity, and its surface can be oxidized to insulating nio-
bium pentoxide (Nb2O5) by anodic formation (Figure 29). Nio-
bium oxide (NbO) is a hard ceramic material characterized by 
sufficient conductivity to serve as anode material. Its surface can 
be oxidized to insulating niobium pentoxide (Nb2O5) by anodic 
formation, which means that the anode of a niobium electrolytic 
capacitor could, in principle, be manufactured from either Nb 
or NbO.

The capacitor industry began development of both niobium 
metal and niobium oxide capacitors at the end of the 1990s. The 
primary barrier to the development of Nb e-caps turned out to be 
the high diffusion rate of oxygen from the Nb2O5 dielectric layer 
to the anode niobium metal, which results in leakage current 
instability or failures from formation of suboxides in a niobium/
niobium oxide layer system, especially at elevated temperature.

Niobium (metal) capacitors with stable electrical parameters 
were developed by Epcos [60], Kemet [61], and others around 
2000 using more sophisticated powders and process adjustments 
based on the use of nitrogen in the manufacturing of niobium ca-
pacitors to avoid deterioration of the dielectric layer (Figures 30 
and 31). A second solution was developed by AVX, which used 
niobium oxide as the anode for their niobium capacitors, trade 
name “OxiCap” [62]. Both developments used MnO2 as counter 
electrode. Niobium oxide powder has a similar morphology to 
tantalum or niobium powder and can be processed in the same 
way as for tantalum or niobium capacitors, but has reduced oxy-
gen diffusion compared with niobium [61]. Both solutions led 
to niobium capacitors with stable and reliable electrical behav-
ior. However, from a performance perspective, existing niobium 
technology is not competitive with tantalum. Maximum oper-
ating temperature of Nb-based capacitors is limited to 105°C, 
leakage current is typically 5 to 10 times greater than for an 
equivalent tantalum capacitor, and niobium capacitors cannot be 
operated reliably above 10 VDC.

Niobium capacitors have advantages in that they tend to be 
less expensive than Ta e-caps, especially for higher capacitance 
where the amount of material is large. The derating rate for reli-
able operation using the Nb e-caps is only 20%, compared with 
the 50% derating for tantalum capacitors with MnO2 electrolyte. 
Failure of a niobium capacitor is unlikely to ignite the capacitor, 
unlike tantalum capacitors. Niobium capacitors made from nio-
bium oxide, which is based on a ceramic technology, generate 
no smoke if failure occurs, which is important for the Japanese 
market, which is subject to the legislation that all end-use elec-
tronics sold in Japan must be guaranteed not to smoke. This has 
been a major selling point of these capacitors in the Far East 
[62].

Presently, all niobium capacitors use manganese dioxide as 
counter electrode. Niobium capacitors with polymer electrolyte 
were available for some years from NEC Tokin [63]; however, 
the October 2011 flooding of the NEC Tokin capacitor factory 
in Thailand hindered further production of polymer niobium ca-
pacitors [64].

Hybrid-Polymer—Progress or Regression?
As for all technologies, polymer electrolyte capacitors have 

disadvantages. For example, the leakage current of polymer 
capacitors after reflow soldering is greater than for nonsolid 
aluminum as well as for MnO2 solid tantalum capacitors. The 
specified leakage present of polymer e-caps is often an order of 
magnitude greater than for nonpolymer e-caps. The greater leak-
age current results from deterioration of the dielectric during the 
soldering. Because the polymer cannot deliver oxygen for self-
healing of the dielectric, such damage results in permanent in-
creased leakage current. For battery powered devices, increased 
leakage current reduces battery life, which is important for smart 
phones, etc. Hybrid polymer capacitors (Figure 32) offer an el-

Figure 29. Anodically grown amorphous niobium oxide layer on 
a sintered niobium anode. Figure courtesy of H. C. Starck, used 
with permission.

Figure 30. An SEM image of 10 μm niobium powder. Figure 
courtesy of H. C. Starck, used with permission.
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egant compromise that addresses the leakage current issue based 
on a conductive polymer to coat pores in the anode and cathode 
foil surfaces with the addition of a liquid electrolyte soaked pa-
per separator between the foils to contact the polymer layers. 
The polymer in the pores provides the hybrid capacitors with 
high conductivity in the etched structures, and the liquid electro-
lyte soaked paper bridges the gap between polymer coated di-
electric and polymer coated cathode foil with low resistance due 
to their large surface. The liquid electrolyte can deliver oxygen 
to heal weakened local points in the dielectric generated during 
soldering, so that the leakage current after soldering is reduced 
to values typical of standard e-caps.

In 2001 NIC launched a hybrid polymer e-cap with the me-
chanical construction of a single-ended aluminum electrolytic 
capacitor with a wound cell based on two aluminum foils and 
a paper spacer (Figure 33) to replace a similar polymer type at 
lower price and with lower leakage current [65]. In many appli-
cations, the slightly greater ESR and lower ripple current capa-
bility of such a capacitor was an acceptable trade-off for lower 
price, reduced leakage current, and reduced sensitivity to tran-
sients or short-term overvoltages. The temperature dependent 
ESR and slow loss of the nonsolid electrolyte by evaporation 
limits the capacitor life. However, this elegant solution to the 
leakage current problem seems to be very successful and has 
been duplicated by many other manufacturers in both single-
ended and SMD versions.

Aluminum, Tantalum, Niobium—The Family
To conclude this summary of nearly 120 years of electrolytic 

capacitor technology, we reflect back on one of the longest his-
tories of an electronic component. Presently, the wide variety of 
combinations of anode materials and electrolyte systems pro-
vide a broad range of “electrolytic capacitors” (Figure 34). With 
about 75% of the dollar turnover compared with MLCC, electro-
lytic capacitors have reached second place in the world of capac-
itors in terms of units and value. With capacitance from about 1 
μF up to 2.7 F and rated voltages from 2 V to 630 V; with types 

optimized for low ESR and ESL, temperature stability, etc.; and 
with a wide range of case styles, e-caps have established a stable 
position in competition with film and ceramic capacitors.

An extensive family of e-caps has evolved from the 1896 
concept of an insulating oxide layer on a valve metal by means 
of a suitable electrolyte to produce a polarized capacitor (Figure 
34). Over the decades, Al e-caps evolved with electronic tech-
nology and usually offered the most cost-effective solution for 
electronic circuits. The so-called “wet” aluminum electrolytic 
capacitors have always been the least expensive components for 
high capacitance and higher voltages. They are also relatively 
insensitive to transients and surges, and they are found in all 
areas of electronics with the exception of military applications. 
The high sensitivity of wet e-caps to chemical contaminants was 
addressed many decades ago, so that present Al e-caps normally 
achieve at least a 30 year life.

MnO2 tantalum electrolytic capacitors are used in all areas of 
industrial, military, and space electronics and are firmly estab-
lished as reliable capacitors with higher capacitance per unit vol-
ume and weight than competing technologies. SMD style types 
(Chips) in combination with multianode construction offer low 
ESR solutions for restricted space, low mounting height, high 
temperature, or high quality requirements. Niobium electrolytic 
capacitors complement tantalum electrolytic capacitors in the 
sense of a reliable availability of the anode material for a limited 
voltage range.

Polymer tantalum and aluminum SMD capacitors with very 
low ESR and ESL in small footprint packages of limited height 
support the trends toward more highly integrated circuits and 
microprocessors operating at ever lower voltages and higher 
supply currents. The growth in markets for small handheld de-
vices is driving demand for such capacitors. Polymer aluminum 
electrolytic capacitors are also popular in larger single-ended 
case sizes. Hybrid polymer aluminum capacitors offer higher 

Figure 31. An SEM image of 3 μm niobium powder [67]. Figure 
courtesy of H. C. Starck, used with permission.

Figure 32. Cross section of a hybrid polymer aluminum elec-
trolytic capacitor with wound cell. The porous structure of the 
anode and the cathode foil is coated with polymer. The electric 
connection between the polymer layers is effected by the non-
solid electrolyte.
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C/V values for cost-sensitive, low-ESR applications in combi-
nation with low leakage current and reduced sensitivity to tran-
sients and surges.

What next? Perhaps a new electrolytic capacitor with an alloy 
of tantalum and niobium as anode material will be developed 
[66]. Perhaps the future holds a new capacitor technology that 
combines the “best of the best,” a high-voltage anodic oxidized 
dielectric together with a coating of high permittivity ceramic 
material to make a hybrid version that combines the best fea-
tures of MLCC and e-cap to achieve greater specific energy [68].

Conclusion
Over the three articles of this series, we have progressed from 

Pollak’s 1896 insightful concept for and precise description of 
an electrolytic capacitor through 120 years of technical evolu-
tion to a multitude of technologies based on a range of valve 
metals and electrolytes that cover working voltages from 2 to 
650 V and capacitances from 1 μF to 2 F with materials and 
structure optimized for ESR, ESL, ripple current, operating tem-
perature range, etc. If nothing else, this history demonstrates that 
“Electrolytic capacitors are a good example of the fact that even 
the simplest device can become complicated given 120 years of 
evolution.”
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Figure 33. With cylindrical polymer and hybrid polymer Al elec-
trolytic capacitors, greater capacitance values could be realized 
at lower cost compared with polymer Ta capacitors.

Figure 34. Overview of the various types of electrolytic capacitors by the combination of anode 
materials and electrolyte systems.
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