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Plasmons-Enhanced Minority-Carrier Injection
as a Measure of Potential Fluctuations
in Heavily Doped Silicon

Ming-Jer Chen, Senior Member, IEEE, Chuan-Li Chen, Shang-Hsun Hsieh, and Li-Ming Chang

Abstract— Well-known apparent electrical silicon bandgap
narrowing in a heavily doped region of a bipolar transistor is
observed by means of an enhanced minority-carrier injection
experiment. In the region of interest, plasmons-induced potential
fluctuations are existent in nature and hence constitute the origin
of apparent bandgap narrowing. In this letter, we extract the
underlying potential fluctuations directly from the enhanced
minority-carrier injection experiment published in the literature.
The core of the extraction lies in a combination of the two
existing theoretical frameworks. First, the Gaussian distribution
can serve as a good approximation of potential fluctuations.
Second, no change can be made in the real bandgap between fluc-
tuating conduction- and valence-band edges. Extracted potential
fluctuations come from plasmons, as verified by our published
temperature dependences of plasmons limited mobility in the
inversion layer of MOSFETs as well as theoretical calculation
results on bulk silicon. More importantly, this letter can deliver
potential applications in the modeling and simulation area of
nanoscale FETs (MOSFETSs, FinFETs, and so forth) and bulk
semiconductors.

Index Terms—Bandgap narrowing, bipolar transistor, device
physics, field-effect transistors (FETs), fluctuations, long-range
Coulomb interactions, plasmons, transport.

I. INTRODUCTION

OR doped semiconductors, there are naturally many-

body phenomena, such as the plasmons (e.g., quantized
collective modes of interacting particles [1]) and potential
fluctuations. Currently, at the device level, plasmons in the
highly doped region are of increasing importance, particularly
for FETs at the nanometer dimension [2]. The reason is that
potential fluctuations caused by plasmons in the highly doped
source and drain will significantly penetrate into the channel
and thereby deteriorate the device performance via long-range
collective Coulomb interactions [3]. Sophisticated device sim-
ulation tasks [3], [4] and a carefully-calibrated temperature
dependent experiment [5] have separately corroborated this.
Thus, it is highly desirable to experimentally determine the
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Fig. 1. Combined theoretical frameworks [3], [6] to deal with the potential
fluctuations due to many-body effects in p-type semiconductor.

amount of plasmons induced potential fluctuations at the
semiconductor level.

To achieve the goal, the two theoretical frameworks in
the literature [3], [6] may be helpful. The first framework
is associated with an enhanced minority-carrier injection
experiment in the heavily doped region of a bipolar transistor
[6]-[10]. In the experiment [6]-[10], the intrinsic concentra-
tion was found to increase with the doping concentration,
hence leading to the well-known apparent electrical bandgap
narrowing. Relative to other origins proposed (see [6] for
the details), Slotboom and De Graaff [6] favored a physical
picture, with no solid evidence at the time, that long range
impurity density fluctuations can cause potential fluctuations,
which increase the averaged pn-product without a change
in the band gap. If one slightly changes “impurity” in this
statement to “charge”, then the resulting picture is exactly
of plasmons [1] and hence serves as the first theoretical
framework (other many-body effects will be discussed later).
As schematically shown in Fig. 1, the same potential fluctua-
tions occur both in the conduction- and valence-band edges
while the bandgap remains intact and independent of the
doping.

Potential fluctuations due to plasmons or other many-
body effects essentially are spatially dependent and vary with
time [1]. Fortunately, Fischetti and Laux [3] pointed out that
such complicated behaviors can be well approximated by
a position-averaged and time-averaged quantity, namely the
Gaussian distribution. This constitutes the second framework,
as shown in the figure.

So far, the second framework was applied [3] to the
conduction-band edge only (in n-type silicon). Even both
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Fig. 2. Experimental data from the injection experiment [10] in

terms of (a) the minority-carrier density versus doping concentration and
(b) minority-carrier density and apparent electrical bandgap narrowing versus
temperature.

frameworks were not combined in such a way to directly
extract potential fluctuations from the increased minority-
carrier density in the aforementioned injection experiment.
In this letter, we combine these two theoretical frameworks to
make possible such a direct extraction of potential fluctuations
due to plasmons. Potential applications are straightforwardly
drawn.

II. DATA AND EQUATIONS

The minority-carrier injection experiment in p-type silicon
conducted by Swirhun et al. [10] is quoted here, because the
available data as plotted in Fig. 2 are quite complete. In the
experiment [10], the majority-carrier density p was made to
be equal to N4; and the intrinsic concentration n;y adopted
the following empirical formula:

nio = 3.563 x 10'® x T exp(— 6.98 x 10°/T) (1)

It can be seen from Fig. 2(a) that the experimental minority-
carrier density lies above a straight line with no bandgap
narrowing. Such difference tends to increase with increas-
ing doping concentration, meaning that the minority-carrier
injection is enhanced. Values of apparent electrical bandgap
narrowing AE, in Fig. 2(b) were obtained from the exper-
imental minority-carrier density n through the following
equation [10]:

n = (n%/Na)exp(AE,/kpT). )

On the other hand, there are two equations that can be drawn
from the theoretical frameworks in Fig. 1:

/ / DOSc(E) frp(E)dEG(Ec)dEc

n = 3)
S
oo Ey

p= / / DOSy(E)( - frp(E)AEG(Ey)Ey  (4)

where DOS ¢ and DOSy are the conduction and valence band
densities of states (DOS), respectively; frp is the Fermi-
Dirac distribution function; and G is the Gaussian distribution
with the standard deviation o (see Fig. 1). Corresponding
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Fig. 3. Calculated electron density, hole density, and Fermi level as
a function of the standard deviation of the Gaussian distribution for
Ny = 1020 cm=3 at 295 K. Corresponding experimental minority-carrier
density of around 100 cem™3 [10] determines the underlying ¢ and Ef.

electron and hole DOS effective masses of m7}, . = 1.182mq
and m*I‘)OSV = 0.81mg [11], respectively, were used in this
work. The band edge reference Eco and Ey( are the mean
of the Gaussian distribution in the fluctuating conduction- and
valence-band edges, respectively. The bandgap Eg¢ of 1.08 eV
at 295 K comes from (1). Egs. (3) and (4) are coupled each
other due to the common factor, the Fermi level Er of the
system. In the limiting case of ¢ — 0, (3) and (4) exactly
reduce to those of standard form [11].

III. EXTRACTION RESULTS AND DISCUSSION

Two remaining parameters need to be extracted for a given
Ny: o and EF. To demonstrate the extraction process in detail,
we fix Ny at 1020 cm—3 at 295 K. First, we adjust Ef to
make the calculated majority-carrier density from (4) equal
to N4. Resulting Ef is plotted in Fig. 3 versus o. Clearly,
an increase in ¢ will make Er move more upward and hence
closer to the conduction-band edge. This is the physical origin
of the observed minority-carrier injection enhancement. Next,
we make the calculated minority-carrier density from (3) equal
to the experimental value of around 100 cm™3 (see Fig. 2(a)).
This leads to extracted ¢ of 85 meV and hence underlying
Er of 65 meV below Eyy, as depicted in Fig. 3. Meanwhile,
p > n and hence the charge neutrality, on the average,
is satisfied. Note that if no experimental minority-carrier
density acts as numerical constraints, ¢ and Ep will have
infinite solutions. Similar extraction tasks were carried out
for other temperatures and doping concentrations. Extracted
potential fluctuations are given in Fig. 4. Evidently, a decrease
in temperature tends to weaken the plasmons and hence
potential fluctuations.

We present the two approaches to support plasmons as
the origin of the extracted o. The first approach is achieved
through temperature-dependent measurements of plasmons
limited mobility in the inversion layer of MOSFETsS, as had
been done in our previous works [5] and [13]. Temperature
power law of corresponding mobility follows T~! for surface
plasmons in the polysilicon gate [13] and T~%7 for bulk
plasmons in the source and drain [5]. To make the comparison
possible, we employ a delta-type potential approximation [12]
(that is, the mean relaxation time is inversely proportional to
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Fig. 4. Extracted potential fluctuations plotted versus (a) doping concentra-
tion and (b) temperature. Also plotted are calculated classical and quantum
potential fluctuations. Hole-phonon interaction is considered in the calculated
classical potential fluctuations. Corresponding temperature power laws are
added for comparison.

the square of o). As a result, the power law of extracted
o (T%*8) is transformed to that of corresponding mobility
(T~996). Strikingly, these power law exponents of mobilities
are comparable each other.

The second approach goes to the two theoretical calcula-
tions: one of the quantized potential fluctuations [3]:

hwpqe 172
ocopPF = X /14 2n, )

4esm?

and one of the classical potential fluctuations [3]:

3\V2  op2/3
= (1451 x — 6
ocL ( X Zn) X " (6)

All parameters in these equations are known: the plasmon
frequency w,, the cut-off wavevector ¢q., the semiconductor
permittivity &5, and the inverse of screening length S, with
the n, following the Bose-Einstein distribution. Calculated
results are added to Fig. 4. It can be seen that only classical
calculations can adequately reproduce data concerning both
doping and temperature effects. Calculated temperature depen-
dence from the quantum method is far from reality, whose
interpretations will be given slightly later.

Finally, we summarize potential applications the present
work can further deliver, as follows:

o In the area of nanoscale FETs (MOSFETs, FinFETs, etc.)
modeling and simulation, this work suggests the inclusion
of plasmons altered minority-carrier density in the highly
doped source and drain region. We noticed that the
literature simulation methods [3], [4] did not address
the specific role of such minority-carrier density change
as additional numerical constraints in the simulation.
In other words, the simulated long-range effects on device
characteristics as published in [3] and [4] might be
overestimated. Thus, for the target FETs down to 5-nm
node [14], such key constraints have to be incorporated
to ensure accurate modeling and simulation.

o The discrepancies from semiconductor data in Fig. 4
may provide the opportunity to examine other many-body
effects or to devise new and correct model. To show
this, we take into account the hole-phonon interaction in
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the classical method. This is achieved by multiplying the
right-hand side of (6) by a collision damping factor y [3]:
y = 1/\/14+1/(wptm)?, where 7, is the momentum
relaxation time, which can be obtained from the temper-
ature and doping dependent mobility data published else-
where [11]. Obviously, the classical model can produce
a better agreement with data, as long as extra effects like
hole-phonon interaction are included, as shown in Fig. 4.
On the other hand, we found that even by incorporat-
ing all Coulomb interactions [15] (except the electron-
hole one) in this work, the calculated temperature power
law exponent using the quantum method (5) remains
negative (not shown here). This suggests that a new and
correct version of (5) should be derived directly from the
Hamiltonian including Coulomb interactions [15], rather
than the perturbation treatment [3].

IV. CONCLUSION

We have experimentally extracted potential fluctuations
directly from the literature minority-carrier injection exper-
iment. Plasmons as the origin of the extracted potential
fluctuations have been identified. Potential applications have
been drawn.
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