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Abstract We study the quantum nature of current through plasma-probe junction from the viewpoint
of the metal probe. The intrinsic material properties of the metal and their influence on the nature
of the observed current are theoretically worked out. The novel idea is that the plasma-sheath at the
plasma-probe junction is treated as a potential barrier, and in analogy with the current conduction
through a metal-metal junction, the current through the plasma-sheath is treated as a quantum barrier
penetration problem. Essentially, we obtain an expression for the electron-current as a function of the
bias voltage in its full range, thereby unlocking the intricate dependency of the current on the material
properties of the probe.

Keywords: Plasma—Metal Junction, Quantum Tunneling, Debye Sheath, Electron Current, Barrier
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I Introduction

When an electrically isolated metal is brought into contact with a plasma, the electrons in the metal
and in the plasma attain a thermal equilibrium. This phenomenon can be explained based on a key
idea introduced in [1]. The idea in [1] attributes a Fermi energy level to the plasma electrons, but
in this article we adopt a different interpretation to that energy level since the plasma electrons are
not considered to obey the Fermi-Dirac statistics. At the plasma-metal (PM) junction, where quasi-
neutrality of plasma-ions and electrons is lost due to much more mobile electrons, the surface of the
metal tends to get negatively charged.

Any accumulated charge on a conductor creates an electrostatic potential inside the conductor, and
this potential must be constant throughout the metal conductor in order for electrostatic equilibrium
to be possible [2]. For a negatively charged metal that is placed in an air medium, the constant value
of such a potential is equal to its value at the surface [2]. The effect of this surface charge is to increase
the amount of work done to extract an electron from the metal surface [3].

II Floating Metal

In the following we consider the metal probe to be a one-dimensional rod coated by a thick dielectric
material on its cylindrical sides, and the only direction at which it makes direct contact with the
plasma is at a tip where it is not covered by the dielectric material. The conduction of electrons is
assumed to take place either way only through this tip. The plasma is assumed to be non-magnetized,
cold and weakly ionized obeying the Maxwellian velocity distribution. Since plasma is an electrically
conducting medium, the electrons in the metal and in the plasma can tunnel through the sheath
barrier at the tip and attain an electrical and thermal equilibrium state. Therefore, following [1], we
propose the following ideal energy-band diagram for the plasma-metal junction at equilibrium in the
case of the floating metal with all the electrons at the absolute zero temperature: The surface charge
density is actually more at the tip and so the conduction band of the metal is bent downward with
a downward-cusp inside the metal at 2 = 0 (see for example [3]). Since negative charges tend to get
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Figure 1: Equilibrium configuration of floating metal

settled down even along the rod above the dielectric coating, the surface along the rod also tends to
get charged and so we are approximating the conduction band as a straight band at = 0 for the ease
of later calculations. Therefore, the work function e¢,, of the floating metal is taken to pick-up the
same correction e¢y all along the rod. The effective work function e(¢,, + ¢) should be seen as the
work done in extracting a metal electron from the surface of the metal.

The plasma (space) potential V, and the energy line E = 0 are chosen in such a way that an electron
at rest in the plasma has the potential energy F,, = —eV,, which is the minimum energy a plasma
electron can have. To occupy any energy level lower than this potential energy, a plasma electron will
have to have an imaginary momentum which is unphysical. At equilibrium, the Fermi energy level
corresponding to the Fermi energy Ep,, of the metal should be in line with the space potential energy
line F,. This is because if the Fermi level of the metal is lower than the space potential energy line,
then the electrons on the plasma side would tunnel through the barrier into the metal to occupy a
lower energy state, and if the space potential energy line is lower than the Fermi level of the metal,
then the metal electrons would tunnel through the barrier to the plasma side to occupy a lower energy
state, and this process will continue until the equilibrium state is achieved. When the Fermi level of
the metal and Ej, are aligned, on the one hand, it is the Pauli’s exclusion principle that would prevent
a plasma electron to the metal side, and on the other hand, the minimum energy condition on the
plasma side would prevent a metal electron to come to the plasma side.

The alignment of the energy levels shown in Fig.1 makes it easy to understand the nature of ¢ inside
the floating metal. An electron at the top of the conduction band in the metal has to surmount
both the work function e¢,, and the correction e¢; to jump over the sheath barrier of height S¢
to the plasma side. Therefore, the sheath potential Sy at the tip of the floating metal is given by
S¢(x = 0) = e(¢m + &f). The width of the Debye sheath at the tip of the metal in this floating
case is denoted by wy. With this background, we will set up the condition for equilibrium. If Jﬁl;”
denotes the transmitted current of electrons from metal to plasma, Jg;fr the transmitted current from
plasma to metal, J7 " the recombination current of the electrons that neutralize any impinging ion
on the surface of the metal tip and J,* the current of the secondary emission of electrons, then the
equilibrium condition is that the number of metal electrons should remain the same. This is achieved
if J;nj” = Jﬁl;)” + I ¢+ J5°¢. If we assume that all the ions are singly ionized and that they are
neutralized only upon impinging on the tip of the metal and not when they pass through the sheath,
then J¢ "¢ = J) ., where J}  is the ion-current from plasma to metal. Since the secondary emission of
electrons is the result of neutralization of ions, we have Jg *¢ = 'yseJ;;m [4], where 7. is the secondary
emission coefficient. Then the condition for equilibrium becomes

e—tr __ je—tr 7
me *Jmp +(1+"Yse)<]pm (1)

DOI: 10.5281 /zenodo.21378728 Page 100


https://doi.org/10.5281/zenodo.21378728

REVIEWS AND REPORTS
Vol:1; Issue:1; June 2026; Article ID: 26-RR-1.1-TP-PS-1 Balasundaram & Sinha

Since the probe is assumed to be one-dimensional, the current Jﬁ;}” can be written as

gt ==2¢ [ B 1 (B () (22 ) D, @)

where —e is the electron charge, m. is the mass of the electron, p,, is the momentum of the metal
electron, ¢,,(E,,) is the number of electronic states per unit length per unit energy interval in one
dimension without spin, Dj;,p, which is a function of F,,, denotes the probability for a metal elec-
tron with energy E,, to penetrate through the sheath barrier from metal to plasma, f,,(E,,) is the

probability that a metal electron state of energy FE,, is occupied and it is given by
Jm(Em) = {1 + exp[(Ey, — EFm)/KTme]j;l ) (3)

where T, is the temperature of the metal electrons. The factor 2 in Eq.(2) accounts for the spin. The
density of states per unit length in the one-dimensional case is given by g, (En) = m/(2rh?ky) [5],
where k,,, = p,/h. Therefore, Eq.(2) reduces to

T =g / dBo, fn(Em) Dy (En). W

Since the metal part is treated as one dimensional, we will treat the plasma part also as one dimensional.
The current J5, ' can then be written as

Tont = = duy vy £o(03) (1= () Dl (B, 6)

where fj,(vp) is the number of electrons per unit length per unit velocity, (1— f,,,(Ep)) is the probability
that the metal electron state with energy E), is unoccupied so that a plasma electron with energy F,, can
penetrate through the sheath-barrier and occupy that state. D,,,(E,) is the transmission probability
for such penetration to take place from plasma to metal. In terms of energy integration, Eq.(5) can
be written as

Tontr = =2 [ 4By ,(5,) (L~ f(E)] D (B, ©)

We write the ion-current in the following way:
Tom = [ vy 03) DY(E). (7)

where dvj, f,(v},) is the number of ions per unit length having velocities from v}, to vj,+dvj,, and D’ (E;)
is the probability for an ion with energy E;j to penetrate through the sheath barrier to hit the tip of
the floating metal. Compared to the value of the electron current, the ion current is small and for the
case of the ion-temperature close to absolute zero, we assume that the ion current is negligibly small
ie., Ji, ~0. So the equilibrium condition Eq.(1) becomes

Tl = T (5)

III Biased Metal at Floating Potential

If a potential V,,, is applied to the metal, it is given the bias V, = V,,, — V,, with respect to the
space-potential. At the floating potential V,,, = V¥, there is no net current flowing in either direction.
We call this state the equilibrium state at floating potential. For this state, the energy-band diagram
is depicted in Fig.2. The suffix in the quantities ¢ys, Spy and wyy denotes the biased case at floating
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Figure 2: Biased metal at floating potential

potential V;;, = V. These values are respectively different from ¢, Sy and w¢, but the interpretation
of these quantities are the same as in the floating metal case.

The currents Eq.(4) and Eq.(6) are written in this case as

e

Jren;tr =T Th dEm fm(Em) quv{p(Em)a (9)
Tontr = == [ 4B, fy(E,) [~ Fu(B) DYL(E). (10)

and in this case also the above currents obey the equilibrium condition under the same assumptions
as in the floating metal case:

ot =T (11)

At this point, we apply the flat-top approximation in which the sheath potential is treated as a
square-barrier. Such a square-barrier approximation has already been applied for the case of metal-
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Figure 3: Biased metal at floating potential - the square barrier model

barrier-metal tunneling in the three dimensional case [6]. The key point in [6] is that the shape of
the effective square-barrier depends explicitly on the bias leading to an elegant description of current-
voltage characteristics. In our case, we take the height and the width of the square-barrier respectively
to be ae(pn, + dpr) and Bwypy, where a and [ are some scale factors to be fixed later. Assuming

DOI: 10.5281 /zenodo.21378728 Page 102


https://doi.org/10.5281/zenodo.21378728

REVIEWS AND REPORTS
Vol:1; Issue:1; June 2026; Article ID: 26-RR-1.1-TP-PS-1 Balasundaram & Sinha

that there are no radiative losses across the barrier, our PM-junction case is just another barrier-
penetration problem as in [5, 6, 7|. It is worth pointing out that for such barrier-penetration problems,
the transmission probabilities are independent of the direction of transmission across the barrier [7, 5, 6],
ie., Db (E,) = D (E,). Therefore, the condition Eq.(11) together with the law of conservation of
the total energy, F, = E,,, imply that

m fm(Ep)
- () ()
The key differences between the metal-metal junction and PM-junction are the following: 1) In the
case of a metal in contact with another metal, at the boundary there is a small gap, corresponding to
the vacuum level, which acts like a barrier and has a finite width. Also, the barrier has a flat-top in the
unbiased case. In the case of plasma-metal junction, since the plasma is not a solid material, there is
no such gap. When an electron comes out of the metal overcoming the work function, it immediately
encounters the sheath potential and not any vacuum level. 2) Both the height and the width of the
sheath barrier depend on the bias voltage.

IV Biased Metal

In the biased metal probe case, we note the following points for the probe potential V,,,:

1. For Vi, < Vy, the ions are the attracted particles leading to the formation of ion-sheath around
the probe and the electron current is saturated [8].

2. At the floating potential V,,, = V¢, we have ¢y, = ¢y .
3. At V,,, = Vp, there is no sheath [9].

4. Beyond Vg, the ions are repelled by the probe, and a layer of negative sheath develops around
the probe to screen the excess potential V,,, — V), [8].

<—— Metal —>»<-PM—>»<—Plasma—>
Junction

Figure 4: A Positive bias (V,, — V) applied on the metal relative to the floating potential V; pushes
its Fermi level vertically down.

In Fig.4 we take ¢ in such a way that e(¢,, + ¢p) is the work needed to extract a metal electron from
the top of the conduction band to just outside the metal where the sheath potential S, starts acting
on the electron. Therefore, for the potential V' = V,,, — V; relative to the floating potential, we have
Sp = e(pm + ¢ — V). The height of the effective square barrier above the Ej), line is taken to be a5y
and the width of this barrier is taken to be Sfw;. Following the convention of +ve sign for the electron
current from plasma to metal, the net current is written as

J = T = Tt (13)
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Figure 5: A Positive bias (V;,, — V) applied on the metal relative to the floating potential - the square
barrier model.

where

Jeotr — — C 4B, fo(Em + V) DY(E,), (14)

mp wh
and
- / dE, [1 = fin(Ey + eV)]x
X fp(Ep) D (E,). (15)

In the above expressions, D°(E) denotes the transmission probability in the case in which a bias
V =V, — V} is applied to the metal relative to the floating potential V;. Substituting the equilibrium
condition Eq.(12) in Eq.(15), we arrive at the following expression for the net current

J—;<exp{Kej‘;e]1>7dEfm(E+eV) DY(E), (16)

sp

where ¥ = I, = E,, due to conservation of energy.

V Energy and Transmission Probability of Electrons
For plane waves in the plasma region, we have the following energy relationship:

21.2
12k

BB =g,

(17)
since the plasma particles are assumed to be free. In the metal region, plane waves have the energy
relation

h2 k2
2me

Epn+ (Epm — Egp) = (18)
since the parabolic band model is used for a metal electron, where (Ep,, — Es,) is the additional energy
the electron acquires due to the energy measurement from the bottom of the conduction band of the
metal.

From Fig.5, it is clear that a plasma electron sees the barrier of height a.S, = ae(@n, + ¢p — (Vi — V5)).
Therefore, the energy of an electron in the sheath-barrier can be written as
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By= 0 4 By 4 ae(ém + 00— (Vi ~ V). (19)

The conservation of energy implies that
E,=FE,, = E, (20)

which will be denoted as F in the subsequent analysis.

For the effective square-barrier approximation shown in Fig.5, the transmission probability D°(E) is
given by [5]

kp Al

P = e i | .
where
© = exp|[—~] exp[iksBws] — exp[y] exp[—ikpBws), (22)
and
v = tanh ™' (ky/kp) + tanh ™" (kp /Ky (23)

As we are assuming plane waves in the plasma and metal regions, k, and k,, are real. But k; can be
imaginary in the case of tunneling through the sheath-barrier, and it is real in the case of scattering
through the barrier. Also, from Eq.(17)-Eq.(20), it is clear that the factors (k2 — kg)% and (k2, — Icg)%
in the denominator of Eq.(21) are independent of F and so they can be taken outside of the integration
in Eq.(16) when Eq.(21) is substituted in Eq.(16).

VI I-V Characteristics

In deriving Eq.(16), the only assumption made on temperature is that the ionic temperature is close
to absolute zero so that the ion current is negligible compared to the electron current. Note that at
Vi = Vy ie., at V =0, the current J in Eq.(16) is equal to zero. If we assume that the Fermi-Dirac
distribution function in Eq.(16) approximately has the same shape as in the case of T,,. = 0, but
without actually setting T}, as zero, then the net current becomes

Eppm—eV
J(V)—7;<exp[1§fnj1> / dE D' (E). (24)

At V,,, = Vi, there is no sheath [9] and so D’ = 1 which gives the current in the ideal case of Eq.(24)
as

J(Vp) = % (exp [G(VK?T;W] —1) (Epm + eVy). (25)

For plane waves in the plasma region, the energy F of a plasma electron should be above E,, in Eq.(24).
Also, if the upper limit in the integration in Eq.(24) Ep,, — eV > E,, + ae(¢dm + ¢ — V), then the
electrons with energies greater than Es, + ce(¢n, + ¢» — V') can jump over the sheath-barrier, else for
energies less than E, + ce(¢., + ¢p — V'), there will be only tunneling through the sheath-barrier.
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VII Concluding Remarks

For the bias voltage V' = 0 with respect to the floating potential V, Eq.(16) and Eq.(24) correctly

give J = 0. At this floating potential, S, = Sp;. Also, for the probe voltage V;,, = Vj,, since there is
V=V,
Vsrvj;
and the function F'(y) is such that F'(0) = 0 and F'(1) = 1. A detailed analysis of Eq.(16) and Eq.(24)

at all bias voltages and the appropriate fixing of the parameters o and 3 will be reported elsewhere.

no sheath, S, = 0, which suggests an expression for Sy as Sy = Spr — F(y)Syf, where y = (
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