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ABSTRACT During transient stages, under fast doping processes, the minor-carrier transport can
affect the major-carrier counterpart in a peculiar manner. In this study, we have numerically detected
occurrences of carrier-concentration bulges, which confine electrons both locally and instantaneously (for
several nanoseconds). The governing mechanism, in which electrical fields, subtly actuated by the early
minority-carrier arrival, account for unbalanced forces that then oppose the majority-carrier diffusion, has
been further identified. To calibrate our in-house computer code, we have conducted experiments to measure
steady-state carrier spatial distributions, which agree satisfactorily with our numerical results. Our finding
may shed light on future studies that primarily investigate the nonlinearity coupling between the electron
transport and the hole counterpart.

INDEX TERMS Fast doping processes, carrier-concentration bulges, major-carrier, majority-carrier.

I. INTRODUCTION
Drift, diffusion, generation, and recombination of electron-
hole paired carriers strongly affect performances of most
semiconductor devices in areas of light emission, transistor
designs, as well as electricity generation, and have been
intensively studied since several decades ago experimen-
tally, theoretically, and numerically [1]–[6]. In particular,
in their pioneering study, Queisser et al. have presented
current-voltage characteristics and potential distributions
for GaAs p-n junctions, focusing on comparisons between
the carrier lifetime and the dielectric relaxation time [1].
Fundamentally, carrier temporal and spatial concentrations in
p/n junctions are governed by partial differential equations
that obey carrier conservations as well as the relationship
between the voltage and the electrical field [7]. In prac-
tical doping processes (e. g. metalorganic chemical vapor
deposition), the p/n junction manufacturing is established
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gradually based on various epitaxial growth model, typified
by Frank - Van der Merwe [8], Volmer – Weber[9], and
Stranski - Krastanow [10], such that a sufficient period
of time has elapsed to allow electrons (minor carrier) to
diffuse into the p-type semiconductor and holes (minor
carrier) to diffuse into the n-type semiconductor. In previous
reports, P-N junctions have been realized by applying
separate gates to locally induce hole and electron doping
in 2D materials, such as graphene [11]–[13] and black
phosphorous [14], [15]. Although carrier dynamics have
been investigated theoretically by non-equilibrium Green
function [16] and experimentally by ultrafast transient
absorption and photocurrent microscopy in 2D materi-
als [17], [18] and bulk semiconductors [19], [20], research
on carrier concentrations during the ultrafast doping process
has been rarely reported, since it is difficult to dope bulk
semiconductors in high doping velocities (defined as the
doping penetration depth per unit time) without defects
in the current doping technology. The transient carrier
concentration caused by ultrafast doping process in bulk
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FIGURE 1. System schematic and related features. a, Various transient stages of carrier spatial distributions
inside the p/n junction. b, only the transport of the n carrier is considered, showing absolutely no bulges.

semiconductors will be intriguing, and can be investigated in
theory as well as calibrated by experiments in steady state.
As a result, we have theoretically examined cases in which the
doping velocities is infinite, therefore, both concentrations
of electrons and holes are distributed uniformly at the initial
time. In such a doping process, due to the nonlinear coupling
in diffusion terms, bulge phenomena in transient stages have
unexpectedly occurred and lasted for a few nanoseconds.
Here, we report these intriguing phenomena in detail, and
also discuss the possibility of bulge occurrence in actual
situations, using an in-house computer code, in which the
implicit time-integration scheme, calibrated by the Runge-
Kutta [21], [22] high-order method, is employed with the aid
of the Newton-Raphson linearization method [23], [24].

II. FORMULATION
After the time-and-space discretization of terms representing
temporal concentrations, drift, but prior to the linearization,
two carrier transport equations [25]–[28] and Poisson equa-
tion [7], [29] are derived as

γni
(
n− npi

)
= [(Vi−1 − Vi) (ni−1 + ni)− (Vi − Vi+1)

× (ni + ni+1)]+ βn(ni−1 − 2ni + ni+1),

(1)

γpi
(
p− ppi

)
= [− (Vi−1 − Vi) (pi−1 + pi)+ (Vi − Vi+1)

× (pi + pi+1)]+ βp(pi−1 − 2pi + pi+1),

(2)

And

Vi−1 − 2Vi + Vi+1 + γV (pi − ni + ND − NA) = 0 (3)

where γn =
(
2 (1x)2

)
/(µn1t), βn = (2Dn) /µn,

γp =
(
2 (1x)2

)
/(µp1t), βp =

(
2Dp

)
/µp, and

γV =
(
q (1x)2

)
/εs. Subsequently, n denotes electron

concentration; Dn electron diffusion coefficient; µn electron
mobility; p hole concentration; Dp hole diffusion coefficient;
µp hole mobility; V voltage; q elementary charge; εs
semiconductor permittivity; ND donor-impurity density; NA
accepter-impurity density; and i the index for node i. The
superscript p denotes ‘‘value at the previous time step’’.
These three nonlinear algebraic equations are subject to the
initial condition (at t = 0) : p = NA, n = n2i0

/
NA for

0 < x <xint and p = n2i0
/
ND, n = ND for xint< x < L as

well as the boundary condition (for t > 0): p = NA, n =
n2i0

/
NA, dV

/
dx = 0 at x = 0 and p = n2i0

/
ND, n = ND,

dV
/
dx = 0 at x = L, where ni0 denotes the intrinsic carrier

concentration; subscript ‘‘int’’ the interface.
We have adopted the central (as opposed to upwind) finite

difference method to discretize drift terms because of our
fear of introducing the unnecessary numerical accuracy. Then
these equations are linearized and simultaneously solved
using the Newton-Raphson method. As p carriers behave
similarly, only the transient spatial distributions of n carriers
are displayed in 3D graphics (Fig. 1). At t = t1, the bulge
appears. At t = tmax , the swelling height reaches its
maximum. At t = t2, the bulge gradually subsides. Finally,
at t = tss (ss: steady state), it completely diminishes, and
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FIGURE 2. Forces exerted on electrons at different times and locations. a,
temporal and spatial voltage (V, in units of volt) with the color bar
indicating the its value. b, temporal and spatial electrical field intensity
(E, in units of volt per meter) with the color bar indicating the its value. c,
The bulge starts to appear at t = t1. In principle, it starts immediately
after t= 0, but does not appear conspicuous in early times. d, The instant
when the swelling height reaches its maximum. The subscript ‘‘diffe’’
stands for ‘‘diffusion force eastbound’’.

the steady state is attained. More explanations will be given
in Fig. 2 below.

III. PHENOMENON AND THEORY OF CARRIER BULGES
This study has detected transient occurrences of seemingly
law-defying bulges in carrier spatial distributions after doping
processes. Intuitively, the electron concentration can at
most reach n0, but should by no means protrude into a
bulge. Our thoughts prompted us to conduct simulations on
diffusion-drift problems for single carriers only. As predicted,
absolutely no bulges emerge in single-carrier transient
distributions (Fig. 1b), thus provoking a possibility that such
bulges are mysteriously induced by the involvement of the
transport of the other carrier. Our quest seeking for logical
explanations ensued. Below it is elaborated in three steps that
explain the bulge occurrence.

A. SINGLE-CARRIER IN N-TYPE SEMICONDUCTOR
(STEP 1)
Consider transient transports of electrons inside the n-type
semiconductor (Fig. 1b revisited) at five instants in the
absence of hole-carrier movements. During 0 < t < tss,
the diffusion takes place, with its rate at xint decreasing
monotonically.

At t = t1, while electrons diffuse westbound, the front,
defined as the location where the n carrier concentration low-
ers from 100% of ND to 99.99% in the n-type semiconductor
(x = xf ; ‘‘f’’ stands for ‘‘front’’), moves eastbound. The drift
starts as soon as the diffusion starts, and acts as an opposing
aftereffect of the diffusion.

At t = t2 and x = xint , the n concentration decreases to
55% of ND, with its rate equaling -4.19×105 C/(m2s), which

is greater than the drift rate 3.71×105 C/(m2s), implying that
both processes will continue spontaneously.

At t = t3, the spatial distribution looks qualitatively similar
to that at t = t2, and is included redundantly herein merely
for the sake of cosmetic alignment with the binary-diffusion
case shown above.

At t = tss, diffusion≈ −4.43×105 C/(m2s), drift≈ 4.43×
105 C/(m2s), and both mechanisms balance each other. The
conservation of n-carrier concentration is governed by

1x
(
ni − n

p
i

)
/1t = Ce − Cw, (4)

where Ce = µnneEe + Dn
(
1n

/
1x

)
e and Cw = µnnwEw +

Dn
(
1n

/
1x

)
w represent concentration fluxes at locations e

(east) of the control volume and w (west) of the control
volume; p the previous time step; E the electrical field; i the
number of the control volume. Thus, Eq. (4) becomes

ni − n
p
i ∝ µn (neEe − nwEw)

+Dn
((
1n

/
1x

)
e −

(
1n

/
1x

)
w

)
, (5)

where 1ne = n (i+ 1) − n (i) ;1nw = n (i) − n (i− 1).
Letting nw = ne − γ , with γ > 0, authors can further
rearrange the nonlinear term in the right-hand side of Eq. (5)
into ne (Ee − Ew) + γEw or neq(ND − ni)/εs, where Ee −
Ew = 1xq(ND − ni)/εs according to Poisson equation and
εs denotes the dielectric constant. Consequently, for clarity,
Eq. (5) can be rewritten as

ni − n
p
i ∝ source+ sinkI + sinkII , (6)

where source = neq (ND − ni) /εs > 0; sinkI = γEw < 0
because E acts westward throughout the entire domain and
is negative; sinkII =

(
1n

/
1x

)
e −

(
1n

/
1x

)
w < 0 in the

n-type semiconductor, lowering n(t, x) and thus behaving as a
sink. Consequently, n cannot possibly exceed ND, and neither
can bulges possibly emerge.

B. DEMONSTRATION OF THE EARLY ARRIVAL OF THE N
CARRIER IN P JUNCTION (STEP 2)
The drift term, being proportional to nE, is contained in
the n-carrier transport equation. Since E lies in the similar
order of magnitudes in p-type and n-type semiconductors,
the strength of the drift is primarily proportional to n, which,
by contrast, varies several orders of magnitudes across the
depletion zone. However, the value of the minority n carrier
in p-type segment is much smaller than that of the majority
n carrier in n-type semiconductor, authors conclude that
smaller source terms exist in p-type semiconductor, leading
to weaker opposing forces to the diffusion process, and thus
greater front moving speeds. In this example, n carrier spatial
distribution is prescribed as n = n2i0

/
NA for 0 ≤ x ≤ xint and

n = ND for xint ≤ x ≤ L, respectively (inset of Fig. 3). The
spatial distribution of n carrier at t = t1 shows arrivals of the
front at x = xn1 and the front at x = xn2, respectively (Fig. 3).
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TABLE 1. Comparison of magnitudes of all mechanisms. It is necessary to retain long strings of decimal places because the numerical accuracy will be
lost if we truncate tails of those strings. Unit (cm−3/s).

FIGURE 3. The contrast of fronts’ traveling speeds. The left n front travels
faster in the p-type of the junction than the right n front does in the
n-type of the junction (at t= 125ps).

C. BULGE-INDUCING BINARY DIFFUSION (BIBD) IN P/N
JUNCTION (STEP 3)
Finally, this step can be viewed as the crux of the present
work. Let us now examine the binary-diffusion phenomenon
with the focus on explaining the transport phenomena taking
place in the n-type theater (Fig. 2, which corresponds to
Fig. 1a with sub-figures at t = t1 and t = tmax . Those taking
place in the p-type theater can be described similarly and are
omitted.

At = 0, or at the instant of freshly completing the
doping process (actual situations will be discussed in the
part: the possibility of bulge occurrence), the voltage and
electrical field intensity both equal zero throughout the n-type
semiconductor (Figs. 2a and 2b), therefore no forces act on
electrons at this instant.

At t = t1 (Fig. 2c), the n-carrier front arrives at x = x1
and the p-carrier front has already arrived at x = x2 (see the
green curve in the n-type theater). Equation (6) remains valid,
except that now

source = neq(ND − ni)/εs + neq(p− NA)/εs, (7)

whose first term, explained in logical step 1, exerts no effects
on bulges. The second term, behaving as a source (p > NA
in n-type semiconductor), contributes most critically to the
bulge-inducing binary diffusion (BIBD) effect. Dynamically,
an electron at x = xint is exerted by three forces, namely,
the ‘‘diffusive force’’ (Fdiff , which is fictitious), the self-
induced-drift force (FSID, and the BIBD force (FBIBD). Note
that Fdiff is greater than the sum of FSID and FBIBD, so that
this electron, subject to a net westward resultant force, will
continue to move westward. At x = x1, the electron is exerted

by two forces only, namely Fdiff and FBIBD. The arrival of
the minority p-carrier front has taken place, inducing E .
So does the onset of the diffusive force. The FSID is absent
because n = ND, and the first term in Eq. (7) vanishes.
At x = x2, the electron is exerted by FBIBD only. For x > x1,,
the n-carrier front has not arrived. Therefore, neither Fdiff
nor the FSID exist. However, due to the presence of FBIBD,
a mild bulge appears as shown. It is interesting to determine
magnitudes of all mechanisms at a location between x1 and
x2 (Table 1).

At t = tmax (Fig. 2d), situations for electrons at x = xint
are similar to those at x = xint and t = t1. Situations for
electrons at x = x1′ are similar to those at x = x1 and t = t1.
At x = xmax , three forces act on electrons. Among them,
the force Fdiffe represents the diffusive force due to the bulge,
but not due to the regular monotonic spatial distribution.
Looking at the right slope of the bulge, authors notice that the
concentration spatial gradient, ∂n

/
∂t , is now negative. Hence

this fictitious diffusive force acts eastbound and is positive,
unlike regular westbound diffusive forces. It is this force that
behaves as a sink and helps to suppress the bulge as the system
approaches the steady state.

At t = tss, all electrons in the depletion zone are uniformly
subject to three forces, namely, Fdiff , FSID, and FBIBD, which
are balanced to net zero. The bulge has subsided, and finally
diminished. In dynamic equilibrium, the number of diffusive
electrons (moving westbound) equals the number of drift
electrons (moving eastbound) at every x location.

IV. EXPERIMENTAL RESULTS IN STEADY-STATES
For steady states, we have managed to conduct experiments
using the spreading resistance profiling technique to measure
both resistivity and resistance distributions of the p/n
junction, and subsequently deduce the hole concentration
in the p-type theater and the electron concentration in the
n-type theater (Fig. 4a). According to the spreading resistance
profiling principle, experimenter measures the resistance
between two probes and deduces the carrier concentration,
then can obtain carrier distribution of different depth through
dealing with the bevel surface (bevel angle). The measured
p/n junction device is fabricated on silicon substrate doped
with P and Mg. This experimental carrier-concentration
distribution in steady state (Fig. 4a), when qualitatively
compared with the simulation counterpart that is calculated
in steady state (steady-state simulation code), offers authors
the guidance in choosing proper parametric values of
system sizes, p/n material intrinsic concentrations. It is
understandably difficult for authors to strive for satisfactory
agreements because defects of micro-gaps and micro-holes
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FIGURE 4. Results of experiment and simulation. (a) The black line denotes the carriers’ concentration (cm-3), green line resistivity (�-cm), and
purple line resistance (�). The black line in p-type semiconductor stands for the hole’s concentration; the black line in n-type semiconductor
stands for the electron’s concentration. Red and blue lines denote hole’s and electron’s concentrations by simulations, respectively, whereas
the black line stands for carriers’ concentration by experiments. Since the ordinate is marked in the logarithmic scale as well as all nodal
residuals have been carefully checked (Tables 1 and 2), the display of those sharp right-angle corners that exist inside the depletion zone
should not alarm us. (b) The steady-state carrier concentration computed by the steady-state simulation code is compared with the transient
result computed by the transient code at t = 100 µs. The ‘n steady state’ denotes electron concentration computed by steady state code; ‘p
steady state’ denotes hole concentration computed by steady state code; ‘n transient’ denotes electron concentration computed by transient
code; ‘p transient’ denotes hole concentration computed by transient code.

TABLE 2. Confirmation of the bug-free status in the simulation code. The reason of retaining long strings of decimal places is the same as that stated
in Table 1. Unit (cm−3/s).

inevitably exist in lab samples. Therefore, it can be thought
that simulation results are consistent with experimental
data in the steady state. In Fig. 4b, steady-state carrier
concentrations computed by the steady-state simulation code
are compared with the transient result computed by the
transient code at t = 100µs. As observed, hole concentrations
agree almost identically, whereas electron concentrations
differ only slightly. These agreements validate our simulation
codes and support the occurrences of carrier-concentration
transient bulges.

Simulation results of bulge peaks in the transient state
are plotted versus the time in nanoseconds (Fig. 5) with the
inset showing conspicuous bulged variations parameterized
in dopant amount. In addition, it is intriguing to observe that
a sharp maximal peak exists and occurs in the region of small
dopant amounts (Fig. 5 inset). The reason lies in that, for
small dopant amounts, carriers diffuse slowly, prolonging the
time that is required for the system to reach the steady state.
Since the transient duration is prolonged, the electrical field
induced by the minority-carrier front also acquires the chance
of lingering in the bulge regime for a long time, causing
extremely protruding bulges (as protruding as 4.1%).

At a typical time and location (e. g. t = 74ps and x =
3.5µm), we obtain dn

/
dt = 2.1× 1023cm−3/s, whereas the

recombination rate can be estimated to be (nn − ND)/τn =
3.45 × 1014cm−3/s in the absence of external voltages (τn
recombination carrier lifetime), implying that the effect of
the recombination rate can be safely neglected in the present
study.

FIGURE 5. Simulation results of bulge peaks in the transient state versus
the time in nanoseconds (ND = 1015cm−3,NA = 1015cm−3) and the
bulge height as a function of the dopant amount. In the proposed study,
ND = NA for silicon p/n junctions.

V. THE POSSIBILITY OF BULGE OCCURRENCE IN ACTUAL
SITUATIONS
A. DURING DOPING PROCESS
In our simulations, the initial condition is somewhat ideal-
ized. In actual doping processes, the bulged phenomenon
will only happen under the condition that the doping rate
exceeds the bulge rate. Here the doping rate is defined as
the doping penetration depth per unit time, whereas the
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bulge rate denotes the transverse distance traveled by the
bulge per unit time. For example, consider the case in
which a p-type semiconductor flux is doped into an n-type
semiconductor. When the minority-p front moves ahead of
the majority-n front in the n-type semiconductor, an electrical
field is generated, as shown in Fig. 2c and 2d. It is exactly
this electrical field that persists sufficiently long to allow
bulges to be generated. Under the condition of ND =

1015cm−3 and NA = 1015cm−3, the bulge rate is 458.72m/s
(380.79m/s for the case in which an n-type semiconductor
flux is doped into a p-type semiconductor). Since it is difficult
to dope semiconductors in high doping velocities without
defects, it may be equally difficult for these bulges to be
detected in experiments conducted in the current doping
technology.

B. FORWARD BIASED VOLTAGE
When the p/n junction is abruptly driven by forward-
biased voltage, oppositely to the direction of the electric
field induced by the diffusion front, this forward-biased
voltage will counteract this electric field, thus suppressing the
occurrence of the bulge.

C. REVERSE BIASED VOLTAGE
When the junction is abruptly driven by reverse-biased
voltage, this voltage will weaken carrier-diffusion fluxes,
subsequently weakening the electric field and thus also
suppressing the occurrence of the bulge.

VI. CONCLUSIONS
Occurrences of unusual bulges in transient carrier spatial
distributions are discovered, but rigorously validated by com-
putational simulations, aided by experimental data guiding
our choices of parametric values. These bulges confine
electrons both locally and instantaneously (for several
nanoseconds). Step-by-step, this research offers explanations
of the governing mechanism, which is abbreviated as BIBD.
These transient bulges can be observed if the doping rate
surpasses the bulge rate. No bulges occur in cases of forward-
and reverse-driven voltages. This discovery of bulges and
BIBD mechanism may help understand characteristics of
semiconductor devices in transient state.
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