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Abstract
In this work, an analyticalmodel for the time-resolved dynamics of the collisional transient sheath in
the plasma source ion implantation (PSII) process is developed. The presentedmodel can forecast the
temporal dependence of the implanted ion flux and sheathwidth in the collisional transient sheath.
During the PSII process, the effects of some physical parameters such as applied voltage and gas
pressure on the pattern of sheath growth are discussed. It is found that the ion flux can get higher
values by increasing the gas pressure during thematrix sheathwhile the dynamics of ions in the
expanding sheath are restricted to the collisionality condition, and ionflux is reduced impressively.
Moreover, these results are demonstrated that the increase of the applied voltage causes the high rate
of sheath expansion and electric field and then ion flux. Thefinal value of the ion velocity in the
expanded sheath tends to the ion Bohmvelocity.

1. Introduction

The coatingmaterials and surface treatments are becoming important for tribological applications, repairing the
surfaces, protecting the surfaces from conditions of stress and corrosivemedia, etc. One of themost promising
techniques of surface treatment ofmaterials is plasma source ion implantation (PSII), or plasma immersion ion
implantation (PIII) [1–6]. The PSIImethod is employed in thematerial surface processing,manufacturing of
large-scale integrated circuits (ICs), and fabrication of semiconductor devices [2, 7]. In the conventional ion
beam implanter, to achieve uniform implantation, the beam is electrically scanned and the target object is
mechanically rotatedwhile in PSIImethod, a series of negative high-voltage pulses are applied to a sample
(target) immersed in plasma and then a transient sheath layer is developed around the target [8]. Hence, the
understanding of the time-resolved dynamics of the transient sheath in the PSII process is important [9]. In the
PSII process, the ions are extracted from the plasma and accelerated into the target through a transient sheath
directly [10]. In this way, the ions from the plasma are implanted in the target with a relatively uniform spatial
distribution [11]. Furthermore, in the PSII technique, the achievable dose rate is tens of times greater than other
conventional ion implantation systems and this technique even could be done in low energies [12]. The energetic
ions injected into the surface of a solid target cause the atomic composition and structure of the topmost surface
to change. Therefore, new surface layers are createdwith improved resistance towear, corrosion, and
fatigue [13].

As stated in the above paragraph, in the PSII technique, the target is placed in a high-density plasma
subjected to negative high voltage pulses [14].When a negative voltage is applied to the target, the electrons are
expelled away from the target region [15]. This process occurs in the time scale of the inverse electron plasma
frequency, and as a result, an ionmatrix sheath is formed between the target and the plasma [16]. Then, due to
the non-neutral distribution of the charges, the electric field in the sheath region can be raised [17, 18]. The
created electric field can accelerate the ions to high energy toward the target on the time scale of the inverse ion
plasma frequency [19]. As time passes, the charge imbalance forces the sheath-plasma edge farther away, and on
a still longer time scale, the system evolves toward a steady-state Child law sheath [20]. The initial width of the
sheath is determined by the amplitude of the applied potential. Consequently, the applied voltage influences the
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ion dynamics at this regime [21]. Ion’s dynamics are described by laws of ion space-charge sheath. The sheath
expandswhile the target bias voltage varies from zero to a constant negative value [22]. At this time, ion
dynamics could be determined by continuity andmomentum transfer equations in the fluidmodel. On a longer
time scale, the system transit to the steady-state Child law sheath. So, ion’s dynamic is followed byChild-
Langmuir laws [2, 23]. Thewhole process, which occurs in the sheath behavior of the PSII process, is investigated
to forecast the ion dynamics [24]. The different ranges of applied voltages that lead to the various ion dynamics
are described by different laws of ion space-charge sheath [25]. In all ranges of pressure (collisionless and
collisional regimes), plasma bulk, and sheath layer dynamicsmust be joined at their interface [26]. The sheath
and plasma bulk join smoothly at a sufficiently high-pressure collisional regime, while a transition layer is
required for joining at lowpressures [27, 28]. So, for different ranges of collisionality, the sheath expansion is
varied [29].Moreover, the ionflux and the rate of implanted ion dose have a variant range [30]. The ion flux
uniformity can be improved by adjusting the pulsewidth and applied potential [31]. However, the sheath region
is themost important to PSII and its behavior should be discussed in applied potentials and pressures [32].
Sheridan et al, [17]have presented an approximate theory of the collisional transient sheath spanning. They have
used the steady-state Child’s law-like expression presented by Reimann et al [18] inwhich the initialmatrix
sheathwas neglected. Benilov has tried to trace the footprint of theChild-Langmuirmodel of a collisionless
electron-free ion sheathwith the ion velocity, electric field, and potential vanishing at the sheath edge [16]. A
collisionlessmodel for PIII has been demonstrated by Lieberman [2]. The author tried to obtain analytically ion
flux for the collisionless sheath.

During the past decades,many researchers have studied the spatial evolution of sheath in the plasma and
little attention has been paid to the temporal evolution of sheath. In this study, we present an analyticalmodel to
describe the dynamics of the collisional transient sheath in the PSII process for an applied rectangular voltage
pulse at planar geometry. There are twomethods for describing the collision: (1) the regime of the constantmean
free path and (2) the regime of constant collision frequency [33–35]. Herewe consider the regime of the constant
mean free path.Moreover, for a collisional plasma, the ion-neutralmean free path is less than theDebye length,
λi� λD. Hence, the sheath-presheath boundary is not very definite and can extend into the bulk plasma because
of collision. Therefore, we ignore the presheath region [3, 37]. The presented analyticalmodel evaluates the
physics of sheathwidth evolution (initialmatrix sheath, expanding sheath, and expanded sheath) and formulates
implantation ion current density during applied pulse width.Moreover, we investigate the effect of physical
parameters such as gas pressure and applied voltage onmechanisms of implanted current density and dynamics
of sheath edge position that are useful in describing the PSII process.We show that the gas pressure parameter
can increase the implanted current density in the initialmatrix sheath. Then, with the passage of time, the ion-
neutral collision in the expanding sheath becomes important (ionmean free path less than sheathwidth), so the
ion implantation current is reduced.We also indicate that the amplitude of applied voltage as another
determinative parameter of ionmotions affects the implantation current density and the sheathwidth.

2. Theoreticalmodel and sheathmotion equations

Weconsider a planar target immersed in a uniformplasma of density n0. A pulsed voltage with amplitude
of− V0 and timewidth tp is applied to the target at time t= 0. The electrons near the surface are driven away and
a uniformmatrix sheath is formed on the time scale of the inverse electron plasma frequency. The applied
voltage ismuch greater than the electron temperatureTewhereTe is now expressed in volts [3]; hence theDebye
length ismuch less than the initialmatrix sheathwidth i.e.,λD= s0. Then, ionswithin the sheath are accelerated
into the target on the time scale of the inverse ion plasma frequency. Consequently, the sheath edgemoves away
from the cathodewhile exposing new ions that are extracted. In this case, the entry velocity of the ions to the
sheath region is ub+ ds/dtwhich is the sumof velocities of Bohm and sheath edgemotion. Finally, with the
passage of long time, the system evolution tends toward a steady-state Child law sheath [2]. A schematic diagram
showing these processes is presented infigure 1. As depicted infigure 1, the initial sheathwidth is s0, and as time
goes on, the sheath boundary increase by the slope of ds/dt. Hence, the time dependence of the sheathwidth can
be found by assuming quasi-static sheath expansion [1]which can bewritten as

= +s t s
ds

dt
t. 10( ) ( )

The ion current demanded by steady-state Child law sheath is supplied by the number of uncovered ions at the
expanding sheath edge and by the drift of ions toward the target at the Bohm speed (ion-sound velocity). In other
words, the charge per unit time crossing the sheath-plasma boundary is as follows:
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where ub is the Bohm speed and n0 is the initial plasma density. Therefore, to calculate the temporal dependence
of the implanted ion current density at the surface of the target, we use collisional sheath evolution law as [3]. In
the routine PSII process where ion-neutral collisions are dominant theChild law current density Jc is obtained as
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whereλi is the ionmean free path,M is the ionmass, e is the electron charge, and ε0 is the free space permittivity.
In the collisional regime, themean free path is smaller than the sheathwidth. By equating equations (2) and (3)
one can find the sheath expanding velocity for a planar geometry as below:
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where =u eV M20 0( ) is the characteristic ion velocity and by inserting equation (4) into equation (1), one can
obtain the time-varying sheathwidth s(t) and consequently can determine the implanted current density J(t). As
abovementioned, during and aftermatrix sheath ion implantation, quasi-static Child law sheath forms to
expanding sheath ion implantation. Therefore, in the following subsections, wewill investigate thematrix sheath
implantation and theChild law sheath implantation.

3. A.Matrix sheath implantation

Due to the initial uniform charge distribution in thematrix sheath, the electric field varies linearly with x (ion’s
position). Therefore, usingNewton’s second law and theKrook’s collisional term,we have

w n= - -
d x

dt
x s

dx

dt
, 5pi m

2

2
2 ( ) ( )

whereωpi is the ion plasma frequency, and νm is the ion collision frequency. By combining equations (1), (4) and
(5)we obtain a differential equation for the ions position as follows:
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equation (6) is completely universal for the high pressure (collision-dominated) sheaths. By neglecting the Bohm
velocity and νm⟶ 0, this equation reduces to the equation presented in reference [2] for the collisionless
plasma.Now integrating equation (6), wefind

b a
b

bw bn a n
bw

= -
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+
- +

-z z- -+ -
x e

t u u s u u
e

2t b m b m t0
2

0 0
2

Figure 1.The formation of thematrix sheath (dashed line) and the evolution of the quasi-static Child law sheath (stretch line) in the
planar PSII.
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the initial particle position and dx/dt= 0 at t= 0. Inserting x= 0 in equation (7), we can calculate the ion flight
time, t, across thematrix sheath from the below equation
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By differentiating equation (8)with respect to twe obtain
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In this work, we considered a high-voltage sheathwithV0much greater than the electron temperatureTe, andwe
also assumed that during the ionmotion in the sheath the electric field is frozen at its initial values, except the
changes related to themoving sheath velocity [2]. Therefore, using equation (9), one can calculate the implanted
current density, j= en0(dx0/dt), as a function of t and consequently, the normalized implanted current density
J= j/(en0u0), versus the normalized timeT= tωpi. By inserting x0= s0 in equation (8), we obtainT; 3.4.
Hence, allmatrix sheath ions at 0� T� 3.4 are implanted. Figures 2 and 3 show the plot of J as a function ofT at
this period of time.

On the other hand, the temporal evolution of the current density in the sheath region causes a change in the
sheath potential. In the high-voltage sheath, the ionizationwithin the sheath region is negligible and the current
continuity can bewritten as niui= nsuswhere ns and us are the values due to the sheath edge.Moreover, in a
collisional plasma sheath, the ionmotion can be expressed as ui≅ μiEwhereμi (= 2 eλi/πM|ui|) is the ion
mobility. Hence, ui is calculated as follows:

l
p

=u
e

M u
E

2
. 10i

i

i∣ ∣
( )

By considering constantλi at intermediate pressures and solving for ui> 0, we have
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Figure 2.The normalized implanted current density of thematrix sheath as a function of the normalized time for gas pressures of 0.25,
0.5, 0.75, and 1mTorr at the voltage of 6 kV.
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and inserting ni inGauss’ law, we obtain

e
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Then, by integrating the equationE=− df/dx and the conditionf=− V0 at x= 0, the sheath potential is
obtained as follows:
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Using this equation, the spatial evolution of the electric potential in thematrix sheath is plotted infigure 4.

Figure 3.The normalized implanted current density of thematrix sheath as a function of the normalized time for voltages of 800,
2000, 4000, and 6000 V at the gas pressure of 1mTorr.

Figure 4.The normalized sheath potential of thematrix sheath as a function of X for the normalized times of 0.85, 1.7, 2.55, and 3.4 at
gas pressures of 0.75mTorr and voltage of 6 kV.
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4. B. Child Law Sheath Implantation

In theChild law sheath, the implanted ions have initial positions greater than initial sheathwidth (x0> s0). So,
additional time ts needed for the initial sheath edge at s0 reach to x0. In otherwords, during ts, the sheathwidth
expands and reaches the ion initial position as depicted infigure 1. The time ts canfind from equation (4)
accurately. For calculation, equation (4) can be rewritten as follows:
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Equation (15) presents an apparent dependence on ions position, x0. At time ts an ion at the sheath edge starts its
flight through the sheath. Thus, using the conduction current density, j= en0u(x), applied to theGauss’ law
(E= enx/ε0) and integrating, these lead to
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UsingE=−∇V and s variation from0 to x0, we obtain the time ¢t as follows:
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where ¢t is so-called ionflight time across the sheath and h = +p
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is a dimensionless parameter. In the

collisionless limit, the equation (17) reduces to the equation presented in reference [2]. Figure 1 shows
schematically ¢t , ts, and theirs intervals. Also, the total time for an ion to reach the target surface from initial
position (x0) is given by

= ¢ +t t t . 18s ( )
Instituting equations (15) and (17)into equation (18), we have
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Differentiating equation (19) leads to implanted ion velocity in the expansion sheath as follows:
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This equation shows the explicit dependence of the implanted ion velocity and consequently, the normalized
implantation current density, J= (dx0/dt)/u0, onλi. This current density as a function of time is plotted in
figures 5 and 6.

The sheath potential in theChild law sheath can be calculated by the current density of the Child law sheath
(equation (20)), time-dependent sheathwidth, andGauss’ law. As in thematrix sheath subsection, by
integration ofGauss’ law, the sheath potential is obtained as follows:
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The spatial evolution of the electric potential in theChild law sheath is plotted infigure 7.
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5. Results and discussion

In this section,we analyze the results for thedevelopment of collisional sheath propagation during a pulsewidth for
PSII process near a planar target.Our simulations beginwith initial conditions of t= 0 and s= s0 (ionmatrix
sheath), and solve equations (9) and (20)numerically until the time atwhich the pulse is turned off. The neutral gas
used for this process is argon. Theplasmadensity and the electron temperature aren0= 1× 109 cm−3 and
Te= 1.4eV, respectively, and the amplitude of the applied potential isV0= 6kVwhich is greater than the electron
temperature. Therefore, the initial sheath thickness for these parameters becomes e= =s V en2 0.028 m0 0 0 0 .
The charge exchange cross-sectionQ≅ 4.0× 1015 cm2 forAr is used. For the neutral gas pressures of 0.25, 0.5,
0.75, and1mTorr, the ion-neutralmean free path,l = -n Q2i 0

1( ) , are 0.04, 0.03, 0.025, and 0.02 cm,
respectively (see [36–38]). All the parameters selected are based on the experimental literature in the collisional
region (s� λi). Using equation (9) and setting x= 0, x0= s0 andλi= 0.03 cm,we get the time interval due to the
matrix sheath. Thismeans is that after a bias voltage is supplied to a conducting target, ions in thematrix sheath can
be implanted in the target during 0< T< 3.4. These processes are shown infigures 2 and 3. Figure 2 presents the
normalized implantation current density J= j/en0u0 versus thenormalized timeT= tωpi for different gas

Figure 5.The normalized implanted current density of theChild law sheath as a function of the normalized time for gas pressures of
0.25, 0.5, 0.75, and 1mTorr at the voltage of 6 kV.

Figure 6.The normalized implanted current density of theChild law sheath as a function of the normalized time for voltages 800,
2000, 4000, and 6000 V at the gas pressure of 0.25mTorr.

7

Phys. Scr. 96 (2021) 125623 J Taghinejad et al



pressures (differentmean free paths) in thematrix sheath. The results show that in theuniformmatrix sheath as the
gas pressure increases, the initial onset of ionflow to the target surface elevates. During and aftermatrix sheath
implantation, a quasi-staticChild law sheath formsAs time evolves, the sheathwidth in the expanding sheath
becomes greater than themean free path.Therefore, the ion-neutral collisionhas an important role in ion
transition, and so the ion current density suddenly falls down.On theother hand, by increasing the amplitude of
applied pulse, ions in the expanded sheath get the appropriate energy to reach the target surface (seefigure 3).
Figure 4 shows the normalized sheath potential of thematrix sheath,j= f/V0, as a function of the normalized
spatial length,X= x/s0 for the normalized times of 0.85, 1.7, 2.55, and 3.4 at gas pressures of 0.75 mTorr and
voltage of 6 kV. For thematrix sheath region,wehave 0� x� s0. Thisfigure indicates that the slope of the curves of
matrix sheath potential decreases over time.

In the initial stage of ion implantation, the energy distribution of the ions depends on their initial position in
the sheath. Thematrix sheath thickness is considered as the initial sheathwidth. Then, forT> 3.4, the ions
response to the electric field variation and the sheath expands adiabatically. Plasma ions arriving at the sheath
edge are accelerated by the sheath’s electric field and extracted from the plasma. The sheath edge proceeds into
the plasma and its thickness increases. Figure 5 indicates the dimensionless current density profiles as a function
of the normalized time in theChild law sheath for different gas pressures. As thisfigure displays, while the gas
pressure increases and consequently the ionmean free path and the ion energy decrease, the current density
reduces. Figure 6 shows the temporal evolution of implanted current density in theChild law sheath for different
applied voltages. From this figure, one can see that the implanted current density raises by increasing the applied
voltage.Moreover, the increase of applied voltage results in an increase in ion energy. Then the energetic ion
reaches the target surface and implants into the target. Figure 7 shows the potential profiles for four different
times in theChild law sheath. This figure indicates that the slope of the curves of Child law sheath potential
increases by time due to the sheath edgemotion.

The temporal evolutionof the sheathwidth for gas pressures of 0.25, 0.5, 0.75, and1mTorr is presented in
figure 8. Thisfigure shows that the sheathwidth increaseswith time anddecreaseswith the increase of gas pressure.
Therefore, by increasing the gas pressure, the collisions become important and the rate of sheath expansion slows,
and the sheathwidth tends to a constant value, especially at higher pressures. This constant value can be obtained
using equation (4)when ds/dt→ 0. In this case,wehave p l=s s u u s125 243 i b

1 2 1 2
0
2

0
2 5

0( (( ) ( ) ) )  . Finally, in
figure 9, weplot the total implantation current density as a functionof normalized time at gas pressure of 0.4
mTorr andV0= 6kVwhich is in good agreementwith presented results in other literatures (see references [5] and
[17]). According tophysical timescales, three different phases (initialmatrix sheath, expanding sheath, and
expanded sheath) can bedistinguished fromfigure 9.Whena negative high-voltagepulse is applied to the target, a
matrix sheath is initially formed forT< 3.4 (blue line). Thenduring and after thematrix sheath i.e, forT> 3.4, the
expanding sheath is formed (red line). Andon a longer time scale (T→∞), one can see the expanded sheath and in
this case, the implantation current density evolves toward a steady-state value i.e., J(∞)≠ 0.

Figure 7.The normalized sheath potential of theChild law sheath as a function of X for the normalized times of 5, 7.5, 10, and 12.5 at
gas pressures of 0.75mTorr and voltage of 6 kV.
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6. Summary and conclusion

In this paper, we have presented an analyticalmodel to estimate the time-varying implantation current density
and sheathwidth in the PSII process by considering the collisional effects. Using the presentedmodel, we
obtained dependence of the implantation current density and sheathwidth on applied voltage and gas pressure
in the three different phases of collisional transient sheath evolution i.e., the initialmatrix sheath, the expanding
sheath, and the expanded sheath. The presented profiles of the implantation current density show that the
collision parameter hasn’t a restricting role on the ionmotions in the initial phase of sheath evolution (the
matrix sheath). However, in the expanding sheath, the collisional effects play an important role in the ion
motion and the implanted current density. The applied voltage also has a significant effect on the implanted
current density and the sheath thickness evolution. The total time-varying implantation current density during
the collisional sheath evolution showed three different phases of the implantation process accurately. These
results are of interest formany industrial applications to predict the collisional sheath dynamics in the process of
surface treatment.

Figure 8.The normalized sheathwidth as a function of the normalized time for gas pressures of 0.25, 0.5, 0.75, and 1mTorr at the
voltage of 6 kV.

Figure 9.The normalized implanted current density, J = j/en0u0, versus the normalized time,T = tωpi, at gas pressure of 0.4mTorr
and voltage of 6 kV. BeforeT < 3.4 ismatrix sheath ion implantation (equation (9)) and forT > 3.4 is Child law sheath ion
implantation (equation (20)).
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