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Time Evolution of Ion Energy Distributions for
Plasma Doping

Ankur Agarwal and Mark J. Kushner, Fellow, IEEE

Abstract—Plasma doping of semiconductors is being inves-
tigated for low-energy ion implantation to form ultra-shallow
junctions. Ions are extracted from a quasi-dc plasma using a
pulsed bias on the substrate. The shape of the resulting ion energy
and angular distribution (IEAD) is particularly important with
respect to obtaining desired junction characteristics. Images are
presented of the time evolution of the IEAD in a plasma doping
system.

Index Terms—Ion implantation, modeling, plasma, pulsed.

ULTRA-SHALLOW junctions (USJ) are required for
fabrication of sub-0.1 m transistors in semiconductor

integrated circuits. The most straight forward fabrication
method is to extend the beam-line ion implantation technology
to ultra-low energies (100s eV to a few kiloelectronvolts). Due
to space charge induced divergence, low-energy beams are
restricted to low currents resulting in lower throughputs. Sev-
eral alternative techniques have been proposed for fabricating
USJ. The most promising candidates are plasma implantation
methods which include pulsed plasma doping and
plasma immersion ion implantation (PIII) [1].

is an attractive, simple and low cost alternative to
beam line technologies. is capable of delivering high
dose rates at ultra-low energies (0.02–20 kV) using conventional
plasma processing technologies. In one variation of , a
pulsed negative voltage is applied to the substrate to both create
a plasma containing the desired dopant species and to accel-
erate the positive dopant ions the cathode sheath. Another vari-
ation uses an inductively coupled plasma (ICP) as the source
of ions. Typical bias pulse lengths range between 5 and 50 s.
For sufficiently low pressures, the ions are implanted into the
wafer with energies largely determined by the pulse voltage and
the ion charge. The plasma is ignited with each pulse and extin-
guishes after each pulse ends [2].

In this paper, we present a computationally derived image
of the time evolution of the ion energy and angular distribu-
tion (IEAD) in a system as a pulsed bias voltage is
applied to the substrate of an ICP. To address these conditions
the Plasma Chemistry Monte Carlo Module (PCMCM), inter-
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Fig. 1. Schematic of the reactor and pulsed bias voltage waveform.

faced with the Hybrid Plasma Equipment Model (HPEM), was
modified to simulate long, nonsinusoidal bias pulses [3]. The
HPEM is a two-dimensional ( , ) cylindrically symmetric sim-
ulation. It is composed of a series of linked modules which are
iterated to a converged solution [4]. The modules used here are:
electromagnetics (propagation and power absorption), electron
kinetics (electron transport coefficients and source functions),
and fluid-kinetics (neutral and charged particle densities, and
Poisson’s equation for the electric potential).

The model reactor and pulsed bias format are shown in Fig. 1.
For demonstration purposes we used argon at 15 mtorr at a flow
rate of 100 sccm. The ICP power is 300 W and the wafer was
biased at 200 V with a 7- s-long pulse. The PCMCM pro-
duces the time and energy resolved flux of to the wafer. The
fluxes are post-processed to provide the time resolved IEAD.
The image was generated from the raw data using Tecplot (v10)
[5] and was subsequently annotated using Adobe Photoshop
(v 7) [6].

The IEAD during the pulsed bias is shown in Fig. 2. The peak
plasma density in the center of the reactor is ,
and at the edge of the sheath prior to bias is .
Upon applying the bias, the sheath expands to 0.1 cm, growing
in thickness as ions are depleted from the sheath when acceler-
ated into the wafer. The ion density is sufficiently large that the
plasma is largely unperturbed in the center of the reactor. For
these conditions, the ions are accelerated collisionlessly
across the sheath attaining maximum energies determined by
the bias. The time-resolved IEAD is broad and of low
energy (30 eV, about the unbiased sheath potential) prior and
after the pulse. As the bias is applied, the IEAD narrows to its
minimum breadth when the bias is most negative. Time
averaged measurements of the IEAD show multi-energy struc-
tures that result from the superposition of these two contribu-
tions, one by ions arriving during the pulse-on period (high en-

0093-3813/$20.00 © 2005 IEEE



AGARWAL AND KUSHNER: TIME EVOLUTION OF ION ENERGY DISTRIBUTIONS FOR PLASMA DOPING 253

Fig. 2. Time evolution of the IEAD in an ICP with a pulsed dc bias on the substrate. Views are shown from the perspective of early and late times, with cutouts
to reveal the high intensity portions of the IEAD. IEAD narrows as the bias voltage decreases to its most negative value.

ergy) and the other by ions arriving during the pulse-off period
(low energy). The IEADs can, thus, be tailored to utilize the ions
originating from different periods of the pulse to achieve the de-
sired implant characteristics.
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