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Electrolyte Transistors: lonic Reaction—Diffusion Systems with Amplifying Properties
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The problem of constructing chemoelectric amplifying devices based orbage reactions is discussed. It

is shown that the construction of a direct analogue of the semiconductor transistor (that is, when the p- and
n-doped semiconductors are replaced by ion exchange membranes i grel DH forms, respectively)

is technically not feasible. The new amplifying device reported here is based exclusively on mobile ions
migrating in a hydrogel arrangement that contains no fixed charges. The polarization curve of-évaaeid
interface in this medium has a diode characteristic. When two of such “electrolyte diodes” are connected
appropriately, a transistor action can be observed: the electric current flowing in one (reverse biased) diode
is affected not only by the voltage applied there but also by the current flowing through the other (forward
biased) diode. The common emitter current gain of an-albabe-acid transistor studied here was between

4 and 5. The active mode characteristics of this device can be explained by the appearance of an acidic
tunnel across the alkaline middle section. Although the -aba@se-acid transistor is a stable amplifying
device, the baseacid—base transistor is unstable in its active mode and displays complex oscillations. The
underlying bistable behavior was also demonstrated with this transistor when its acidic feedstream was
contaminated with KCI.

Introduction Aims of this Work. Inspired by the above-mentioned
Background. Animportant trend in the present day research chemical diode and logic gates experiments, we decided to
of nonlinear chemical systeis increasing their complexity. ~ investigate the problem of signal amplification by complex

Complex systems have interacting components whose collectivereaction-diffusion systems. At the same time we wanted to
behavior cannot be simply inferred from the behavior of their move closer to the (i) physical and (i) chemical conditions
components. The purpose of this type of research is to observe characterizing real biological systems.

new nonlinear phenomena and/or to mimic the behavior of the (i) Physical Conditions.It is important to observe that purely
more complex biological systems. This trend can be followed, chemical waves are much slower than the biological ones such
for example, in the evolution of the various reactors applied in as the neural signal transmission or the speed of the activity
the experiments. The first typical nonlinear phenomena in fronts in the heart muscle. The higher speed of the biological
chemistry-namely, oscillation’s 7 and wave% °—were discov- waves is due to an interplay of chemical and electric processes.
ered and studied originally in simple closed batch reactors. Later, As a consequence, besides the local concentrations of certain
to sustain far-from-equilibrium conditions, open reactors such chemical intermediates, transmembrane electric potential is also
as CSTRs (continuously fed stirred tank reactors) and CFURsan important variable in excitable biological systethsit is
(continuously fed unstirred reactors) were introduced to study worth mentioning that in the presence of electric potential
the temporal behavior in homogeneous reacting sysféiend gradients, various complex phenomena can be observed in
spatial-temporal patterns in reactiewliffusion experiment$?-18 artificial membranes as welt:3 Thus, our aim here is to create
respectively. Especially CFURs can be rather structured thata device that is not entirely chemical in nature (like the above-
is, complex devices. They usually contain a gel medium to mentioned chemical diode or logic gates); electric potential is
prevent convection in the reactor that would destroy the also an important variable/parameter of the system.

reaction-diffusion patterns. Besides gels, membranes also play  (ji) Chemistry. Present nonlinear experiments are dominated
an important role in living systems as structural elements. by halogen and sulfur chemistry because self-accelerating
Various membranes are also applied in open redétéfsnainly reactions necessary for chemical instabilities are easier to find
to fix the catalyst, but selective feeding of certain chemical in this field. Although these experiments are important to
components via membranes is also knéw#. With this new understand certain general principles, their chemistries are alien
gel and membrane technology complex devices such as ato real biological systems. The aeithase reactions in pH
chemical diod&’ and logic gates for chemical wavésvere oscillator§233are exceptional, since’Hand OH" ions play an
constructed recently. These are important results because theymportant role in living systems too. In pH oscillators, however,
demonstrate that not only signal transmission but also signalthe acid-base reactions are coupled again with halogen- or
processing-as in biological systems or in electronic circtiits  sulfur-based redox reactions. To avoid such “nonbiological”
is also possible with reactierdiffusion systems and complex  reactions here, we try to base our new amplifying device

reactors. exclusively on the B + OH™ <= H,O reaction. Then the
* To whom correspondence should be addressed. E-mail: noszti@phy. Missing complexity of the reaction mechanism will be substi-
bme.hu. Fax:+36+1+4631896. tuted by the spatial complexity of the reactiediffusion system
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and the complexity of the electric potential distribution in the
new construction.
Semiconductor Transistor and Its Direct lonic Analogue.

Hegeds et al.

concentration of fixed ions in an ion exchange membréne.
The result isLy = 0.27 nm, and to get good transistor action,
the width of the base should be even 10 times smaller.

Regarding the physical and chemical features assigned to theObviously, to make such a thin membrane is impossible, since

new amplifying device, our first guess was that a structure
analogous to the well-known semiconductor transistor could
satisfy our requirements. In this new transistor O&hd H"

ions could play the role of electrons and holes, respectively. It
is known that there is a close analogy in the description of ion
electrodiffusios* and the phenomenological theory of electron
and hole transport in semiconductors. To facilitate the reading,
we cite a brief semiconductetonics “vocabulary8* (used for

the present problem):

holes cations (here, Hions)

electrons anions (here, OHons)
p-semiconductor cation exchanger (here, in H form)
n-semiconductor anion exchanger (here, in OH form)

diode bipolar membrane dio#gtwo adjacent cation and
anion exchange layers in H and OH form, respectively)
transistor ? (no experimental example)

What is remarkable in this vocabulary is that although a bipolar
membrane diode was already reported 40 year$@agmaccount
of a membrane transistor has ever appeared. Obviously, ther

this direction. To understand this, first the working principle
of the semiconductor transistor is recalled briefly. The original
transisto?®-37 (npn or pnp) is a semiconductor device containing
two n—p junctions that is two semiconductor diodes. If these
junctions are close enough (that is, the middle zone: the so-
called base layer is thin), then most of the majority carriers
(electrons or holes) of the first layer (the so-called emitter) can
diffuse through the thin base layer without recombination to
the third layer of the transistor (the so-called collector). To
satisfy this condition, the width of the base layer, e.g., in a pnp
transistor, is usually around m, which is only one-tenth of
the so-called diffusion lengt¥¥ L, = 10 um, of the holes in
the base:

L, = /Dyt (1)

whereD, = 10 cn¥/s is the diffusion constant ang = 107 s

is the lifetime of the holes in the base. If the width of the base
is much larger than &Zm, then most of the holes injected from
the emitter recombine in the base before reaching the-base
collector junction. In this case, the transistor action is lost and
the p—n—p structure becomes merely two diodes connected back
to back.

Now let us see the requirements for a hypothetical membrane

transistor of the HOH—H type. Such a transistor would

contain a thin layer of anion exchanger in OH form sandwiched
between two layers of H form cation exchangers. In the active
mode of the transistor, the forward-biased emitter would inject

H* ions to the base. To observe transistor action, most of these

H* ions should reach the reverse-biased basdlector junction
without recombination. To determine the critical width of the
base layer, first the diffusion lengthylof the H" ions in the
base should be calculatéd:

Ly= m )

Here,Dy = 9.32 x 107° cné/s is the diffusion constant arg

= 1/(1.3 x 101 s is the lifetime of the H ions in the base at
25°C.40 (The lifetime of H" ions was calculated assuming a 1
M OH~ ion concentration in the base, which is a usual

its thickness should be in or below the atomic dimensions.
Decreasing the concentration of the fixed groups in the base
cannot help too much and would cause other problems. Thus,
it can be concluded that a direct ionic analogue of the
semiconductor transistor, the ion exchange membrane transistor,
would be extremely difficult to realize experimentally, and this
is why it was never constructed. This substantial difference is
mainly due to the different recombination mechanisms. Al-
though in semiconductors a direct recombination of holes and
electrons is very unlikely and the recombination process occurs
through intermediate-level statégalso called recombination
centers), the direct recombination betweeh &hd OH ions

is a fast, diffusion-controlled reactidf.

Indirect Analogue: The Electrolyte Transistor. When it
was understood that a direct ionic analogue of the classical
transistor is not a viable candidate for an acihse chemo-
electric amplifier we turned to other possibilities and to less-
close analogues. Since a transistor contains two diodes, we
looked for other chemical diodes that could be combined to

) 5 "%orm a transistor more successfully. A natural first choice was
should be some technical problems hampering the progress inpao so-called electrolyte diodd4

which was developed and
studied in our laboratory. Such a diode is a hydrogel cylinder
connecting aqueous solutions of a strong acid and base. The
cylinder occupies a small hole cut into an electric insulator wall
separating the above-mentioned aqueous solutions. The gel
prevents any convective mixing of the liquids, but diffusion and
ionic migration of small molecules and ions across the gel are
possible. In the forward direction the alkaline solution (e.g.,
0.1 M KOH) has a positive potential with respect to the acidic
one (e.g., 0.1 M HCI). This polarity compels the cations from
the base (K) and the anions from the acid (Glto migrate

into the gel where they form a well conducting salt solution.
When a reverse bias is applied, Olibns from the base and
H* ions from the acid migrate into the gel and recombine. As
all other ions are expelled from the acidase boundary, a thin
layer of electrolyte-free pure water, a depletion region with high
impedancé?4® is formed this way. As a consequence, the
current flowing through an electrolyte diode is much smaller
for the reverse bias than for the forward one; that is, the device
has a diode characteristic. On the other hand, the working
principle of this diode is different from that of the semiconductor
or the ion exchange diode. Both the semiconductor and the
ionic bipolar membrane diode contain certain fixed ions. These
are donor or acceptor ions fixed by the crystal lattice in a
semiconductor and cations or anions bonded covalently to a
polymer network in an ion exchange membrane diode. There
are no fixed ions in our electrolyte diode, however. In the gel
we have only ions that can move freely under the influence of
electric potential or concentration gradients. As a result of the
different working principles, recombination of holes and
electrons in a semiconductor diode and recombination of H
and OH ions in a ion exchange diode occur in the forward
direction, but in an electrolyte diode, recombination of hydrogen
and hydroxyl ions proceeds when it is reversely biased.

Here, we report that two electrolyte diodes can be combined
successfully to form an electrolyte transistor. A key element
of the success is that in the new device all ions are mobile but
only two of them, the hydrogen and the hydroxyl ions, can
recombine. The other two, i.e.,"Kand CI ions, cannot
disappear in a chemical reaction, and consequently, they diffuse
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easily through the thin base layer without recombination. It
will be shown, however, that the working principle, the
concentration distributions, and the behavior of an electrolyte
transistor are all more complex than can be expected from the
previous simple considerations.

Finally, we emphasize that electrochemical reactions at the
electrodes (which are placed far away from the electrolyte solution"E"
transistor) do not play any role here. Thus, the working
principle of our device is different from the microelectrochemi-
cal transistor developed by Wrigthon and co-worker$ and
other devices based on various electrochemical reactfons. I

Experimental Section

Materials. Poly(vinyl alcohol) (nominal molecular weight  Figure 1. Schematic drawing of the apparatus used for the electrolyte
of 15000, Fluka), glutardialdehyde (25% aqueous solution, transistor measurements. The insert shows the most important part: the
grade |, Sigma), Cab-O-Sil fumed silica (grade H-5, Cabot swollen gel cylinder “G” and its surroundings. The cylinder was
Corp.), n-hexane (Reanal), and silicon rubber tubing (PEmu partially dried to make it thinner before it was inserted into the two

. . 0.5 mm diameter holes drilled into the two parallel 0.5 mm thick
were used as received. Solutions of 0.1 M KOH and HCI were Plexiglas walls. When the thin and dry gel was placed in its final

p_repared of reagent grade chemicals (Reanal) with doubly position, it was fixed there by swelling with water. The 0.5 mm thick
distilled water. channel between the two walls has a rectangular cross-section (0.5 mm
Gel Recipe. A quantity of 0.2 g Cab-O-Sil was thoroughly ~ x 5 mm). Thus, solution “B” (the electrolyte in contact with the base
mixed with 2 mL of distilled water and with 1 mL glutardial- of the transistor) can flow freely around the central part of the gel. “E”
dehyde solution (2% diluted from the stock). The mixture was and “C” alre e'egtm'}’teﬁo'““ons for thehemittelr and the follec:jor. Tfherﬁ
S are six electrodes in the apparatus: three platinum electrodes for the
degassed to prevent bubble formation in the later S(’Eeps of thecurrent and three Ag/AgCIl electrodes for the voltage measurements.
procedure. The4 g poly(vinyl alcohol) solution (28.7% W/W)  The aAg/AgCI electrodes were connected through a special salt bridge
was added, and the mixture was homogenized by stirring with system to decrease liquid junction potentials. V: Vycor porous glass.
a glass rod. Finally, 1 mLfo5 M HCl was added under  A: 10 M NHsNOQ,. K: 1 M KCl solutions. Peristaltic pumps, reservoirs
continuous stirring. Since the gelling of this mixture is rather and their accessories are not shown heieandU, are variable voltage
quick, it was used immediately to prepare gel cylinders. The Sr;?;gzscgjﬁj Ebchloiﬁ)é;:gEtg ;JZ% g%‘éﬁg;&?;g%\gﬁgggp&
role of the fumed silica applied in .the recipe is to improve the PCL-711S. Data were collected by the Labtech Notebook program.
mechanical strength and the stability of the gel.

Preparation of Gel Cylinders. A part of the freshly prepared 900

mixture was poured iota 5 mLplastic syringe, and with the .

aid of the syringe, silicon rubber tubings (inner diameter of 1 g 700 *D{Ode No.1

mm, outer diameter of 3 mm, length of 460 mm) were filled. = 500 — Diode No.2

After 30 min the gel was set, and the silicon tubings with the S 300

gel cylinders inside were placed undethexane where the E

silicon tubing expanded considerably. To remove a gel cylinder © 100

from a tubing, a syringe filled with hexane was attached to the 00 = :

tubing. Then, pressing the syringe forced the hexane to flow -5 10 5 0 5
through the swollen tubing, and the gel cylinder slipped out Voltage / V

simultaneously. The gel cylinders were washed with water, Figure 2. Current-voltage characteristics of the two diodes in the
placed h 1 M KOH for 1 h, and stored in distilled water SLS transistor. Sign convention: currents and voltages are taken as
afterward. positive in the forward direction. (In the case of acidalkaline
interfaces a positive current is flowing from the alkaline region toward
the acidic one. A voltage between acidic and alkaline zones is positive
if the alkaline zone has a more positive potential.) Because relaxation
Transistor Action in the Acid —Base-Acid Electrolyte time constants of the measurements were between 2 and 4 s, all steady-
Transistor. An electrolyte transistor can be constructed from State currents were recorded only after 20 s.
two electrolyte diodes in a way similar to its semiconductor (the base-collector) is biased reversely. In this case chloride
counterpart. Let us regard an aeidase-acid (SLS) transistor  ions from the first acidic reservoir migrate into the narrow
first. (S stands for acidic and L for alkaline solutions to avoid alkaline zone in the middle. If this zone is narrow, then most
possible ambiguities in the notation.) Physically, this is a of these chloride ions do not diffuse out of the gel there but
hydrogel cylinder (diameter of 0.8 mm) connecting three continue to migrate across the reverse-biased base-collector
electrolyte solutions (0.1 M HE{0.1 M KOH-0.1 M HCI). junction. This is the transistor action, when carriers from the
The three solutions are separated by two thin (0.5 mm) Plexiglasforward-biased emitter-base diode generate a current in the
walls with holes for the gel (Figure 1). The gel plug prevents reverse-biased base-collector diode. The transistor action was
any convective transport between the compartments but allowsdemonstrated first with an SLS transistor in the “common base”
diffusion and electric migration of ions. To maintain constant configuration (Figure 1). Some characteristics of the transistor
concentrations in the three compartments, a continuous flow of are shown in Figures 2 and 3.
the fresh electrolyte solutions is applied. The middle compart-  Figure 2 displays the curreavoltage characteristics of the
ment is narrow; the distance between the two Plexiglas walls two diodes of the transistor when they are connected in parallel.
is only 0.5 mm. This is important to achieve the transistor In this case both diode characteristics are similar to that of a
action. In the active mode, the first diode (the emitter-base single diode and there is no interaction between them. If both
diode) is biased in the forward direction while the second one diodes are reversely biased (this is the “cutoff mode” of the

Results and Discussion
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Figure 3. Demonstration of the transistor action in the common-base @
configuration. (Note the different scales for the various currents.)

Without this action the current flowing through the collector-base diode
would depend on the collector-base voltage only and would not change
if that voltage was kept constant. The curves prove, however, that in
the active mode the collector current is also affected by the base-emitter
voltage and grows parallel with the increasing emitter current. The sign
convention is the same as in Figure 2; emitter and collector currents
are taken as positive when they flow out from the SLS transistor. The
same sign convention is applied to the base current.

transistor), the current is small, increases somewhat with the

voltage, and also has a voltage-independent component. In the @
forward direction (“saturation mode” of the transistor) the
current is larger and proportional to the voltage.

Figure 3 demonstrates the transistor action. One of the diodes
was chosen as the “base-collector” diode. A constant reverse
bias (-10 V) was applied here. The voltage on the other, “base-
emitter”, diode Ugg) is the independent variable of the
experiment, and the emitter, base, and collector currdgts (
Is, Ic ) were measured as a function of this variable. When the Figure 4. Electric and ionic currents in the SLS transistor: (a) currents
base-emitter is reverse-biased (cutoff modie)s independent in the cutoff mode in which both diodes are reversely biased; (b) active
of Ugg, but as a result of the transistor actiop starts to grow ~ mode at low base-emitter voltagdsge = 0.1-0.3 V) (c) active mode
monotonically withUge when the emitter-collector junction is ~ @nd acidic tunnel formation at higher base-emitter voltages ¢ 1
forward-biased (active mode). This experiment clearly proves )-

a transistor ac_tior_1, but a thorough understand!ng of _this action gecreases slowly with the decreasing negative bias and drops
based on the ionic currents requires further discussion. sharply whenUge is close to zero. These predictions are in

f' Ic;)nic Culrrents in thle SL,S T:cansihstor. Ogr aimhhere is FO, good agreement with the experimental curves. Becsise
Ind a qua_ltatlve exp anat|on_ or the tranS|sto_r cf aract_er|st|cs —(lg + I¢), the predicted trends can be observed in the base
shown in Figure 3. Figure 4 displays three qualitatively different . .ot as well

pictures of the component cu;rents dge is increased from Figure 4b shows a situation where the emitter-base diode is
negative to positive in F_|gu_re . . biased slightly (0.1 \< Uge < 0.3 V) in the positive (forward)
Figure 4a shows the ionic and electric currents when both irection. In this case Clions from the emitter and Kions

diodes are reversely biased. In this Figufgee| < |Uscl; from the base are driven to the emitter-base boundary where
consequentM,lEl < llel. Since thq applied reverse bias prevents they form a KClI solution. This “salt zone”, where the acid or
the migration of the K and CI ions, the electric current is base concentration is negligible compared with that of the salt,

carried exclusively by the Hions in the acidic regions and by g 1y, wider than the previous recombination zone.  In steady
the OH ions in the alkaline regions. Thus, the following simple

: . . - state
relationships hold between the electric and ionic currents
i~ _J-CI
_H _ _:OH __H E™ JE
le=Je, lg="lg: lc=Ic

where j§ and j¢' is the current of the potassium and the
wherejg andjg is the hydrogen ion current in the emitter and  chloride ions, respectively, in the emitter region. This is because
in the collector, respectively, an';gH is the hydroxyl ion the concentration and the ionic mobility of these two ions are
current in the base. (For the sake of simplicity the Faraday roughly equal in the salt zone and the ionic currents in this zone
number is 1 here.) A current is represented by an arrow, the are driven mainly by the potential and not by the concentration
length of which is proportional to its absolute value. The acidic gradients’” A similar relationship holds between the current
and alkaline regions are separated by thin recombination zonesof the hydrogen and chloride ions in the collector region:
marked by vertical lines. The potential drogse andUgc are
concentrated mainly to these zones. Now, if we regard the jo ~ —5j¢
trends of the various currents in thé V < Uge < 0 V interval
in Figure 3, these can be explained qualitatively on the basis of because the concentration of the two ions are roughly &gual
Figure 4a. First, becauddsc is kept constantlc should be in the recombination zone between the base and the collector,
independent oUg in this interval. Second]g| should follow but the mobility of H ions is about 5 times larger than that of
the reverse-biased diode characteristic in this interval; it the CI ions. The only parameter that is difficult to estimate is
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the ratioa: 200
-Cl
-200
a=1c I,/uA
i¢ < 76.4
E 3 -600 i
o . - - . ~ 1 -26.9
If the electric field is negligible inside the base, thenis 1000 -48.8
determined by geometrical conditions. In Figure 4b it was -80.3
assumed that about half of the chloride ions crossing the salt -1400 1201
zone will leave the transistor across the collector and the other 03 I6J /9V 1215
CE

half across the base, thatis= 0.5. (Most probablyg is higher
than 0.5 because the electric field can penetrate at least partiallyFigure 5. Output characteristics of the SLS transistor in the common
into the base region, forcing most of the chloride ions toward emitter configuration.

the collector. Thus, especially at higher collector curreats, Al
should be around 1.) Now the currents can be expressed as a 0= —Cr4-5
function of o andi, i = |j<): Alg
le=2i, lc=—6ai, Ig= (60— 2)i Changing the roles of the emitter-base and the collector-base

) . . diodes (inverted mode of operation) made no difference in our
Moreover, becauseshould be proportional to the base-emitter gyperiments because the two diodes were symmetrical here.
voltage Varying the electrolyte concentrations, however, could easily
break this symmetry, and such asymmetric transistors are
planned to be studied in the future.

all currents should grow in absolute value as we incréhge Properties of the LSL Transistor. The complement of the
Comparing this theory with the characteristics in Figure 3, we SLS transistor is the LSL transistor. Cutoff and saturation mode

can see that the prediction is correct at small voltaged dut characteristics of this transistor are similar to that of the SLS

fails to grow further around 0.5 V and even starts to decrease transistor. In the active mode, however, above a celtiif
above 1 V. This contradicts Figure 4b especially because Voltage the LSL transistor is unstable and exhibits complex
can only grow with the increasing currents, and this effect should oscillations. In Figure 6 the collector current is shown as a
enhancdg further. The only possibility is that the qualitative ~ function of time at fixedUcg = —10 V for different emitter-
picture of the concentration and ionic current distributions within base voltages (base configuration). Like in the case of
the transistor change drastically at these higher voltages. Thismembrane oscillatof$*!or the filament transistét the source
qualitatively new situation is shown in Figure 4c. of the instability is, in a certain sense, a bistable behavior. As

Figure 4c displays ionic currents in the SLS transistor when an experimental evidence for this bistability, a hysteresis curve
Uge is above 1 V. A most characteristic feature of this picture was measured on an LSL transistor whose acidic feedstream
is an acidic tunnel across the alkaline middle region of the was contaminated with KCI (0.1 M KOH, 0.1 M HCGt 0.15

transistor. The tunnel connects the emitter and the collector, M KCI, 0.1 M KOH). In Figure 7 the collector current of this
and its “wall” separates the acidic and alkaline regions. This transistor is shown as a function of the emitter-base voltage.
wall, however, is neither a pure recombination nor a salt zone Owing to the contaminated feedstream, the ¢oncentration

because the potential difference is not constant across it.in the base is 0.15 M even at negative emitter voltages. This
Because of the current flowing in the tunnel, there is an ohmic K* concentration increases further, however, at positive emitter
voltage drop along the wall. As a result, wall areas close to Voltages (there is a transport of Hons from the emitter to the
the emitter are salt zones where the adidse interface is base due to the emitter current), and at a critical voltage (this
forward-biased while other parts of the wall are recombination means a critical K concentration in the base) the collector
zones where the acitbase interface is reverse-biased. This current jumps to a higher value. Most probably, this higher
qualitative picture is in agreement with the characteristics of current indicates the formation of an alkaline tunnel across the
Figure 3 measured above 1 V. First, it is easy to understand middle acidic part of the LSL transistor similar to the acidic
Why the absolute values d)é a_r]d|C are so close to each other tunnel of the SLS transistor. Bistability occurs if that tunnel
and grow in parallel. This is because most of the hydrogen can survive at emitter voltages that are lower than the critical
and chloride ion current flows inside the tunnel between the one. This creates hysteresis, and the collector current jumps
emitter and the collector and ionic currents flowing across the back to its original branch only at a lower emitter voltage.
wall are much smaller. Second, the negative slope of the base Now the oscillations in the uncontaminated transistor can be
current can be also explained. At ld¥se values the reverse  explained qualitatively on the basis of the former bistable
current of the recombination zones, which is regarded to be behavior. First, the collector current is small because the K
positive according to our sign convention in the SLS transistor, concentration is below a critical level in the base. However,
dominates. Increasindge increases the salt regions of the wall  owing to the emitter current, the'Kconcentration in the base
together with the forward current (regarded to be negative) gradually increases and finally reaches its critical value. At
flowing in those regions while the area of recombination zones this point the collector current jumps to a more negative value.
and their positive contribution to the base current decreases.Because of this high collector current, however, thé K
These effects explain the decreasd®ivith increasingUge. concentration now starts to decrease rapidly in the base (since
Common Emitter Current Gain. Usually, transistors are  the feedstream of the base contains roins in this case),
applied for amplification in the common emitter configuration. and at a lower critical value the collector current jumps back to
Such characteristics of the electrolyte transistor are shown inits original level and the cycle starts again. It is clear, however,
Figure 5. From these characteristjég the common emitter  that this simple theory does not explain the complex character
current gain, can be calculated in the usual way: of the oscillations. The most fundamental problem is, however,

i~ Uge
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0 a 0 b further experimental and theoretical studies especially because
these are complex oscillations of spatiotemporal patttrbfs.

-100 W -100 WVW Regarding biological analogies, it is worth mentioning that
3 el simultaneous electric and pH gradients can be found in the
~ 200 ~ 200 mitochondrial inner membrane and the thylakoid membrane of

the Chloroplast! and these gradients play an important role in

-300 ;500 2000 3000 % 6 1000 2000 3000 the chemi_osmo_tic ATP synthesis. AIth_ough the" Hon _

Time /s Time /s concentration difference (about 1 pH unit) and the electric
0T¢e °rd potential difference (about 100 mV reverse-biased) are much
smaller across real biological membranes than in our experi-

. -100 WMHMM . -100 WMWWW ments, the gradients can be comparable because the biomem-
:?_200 :?_200 {V\W'\ branes are much thinner. Thus, a size reduction of the

electrolyte diode and the transistor would be desirable to
approach the dimensions of the biomembranes and also to obtain
300 1000 2000 3000 30 1000 2000 3000 faster devices.

Time /s Time /s

Figure 6. Excitability and oscillations in the active mode of the LSL Acknowledament. The authors thank L. Nvikos. T. Paiko-
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