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Abstract—An anomalous current observed in reverse-biased
pn junctions, highly-integrated with an extremely small cells, is
analyzed with the help of device simulation. At the tail of the
appearance probability, junction currents showed a steep increase
and saturation as a function of applied bias.

A model of localized deep-traps is proposed to explain the
anomaly. The deep traps are formulated as a g/r center based
on the Shockley–Read–Hall model. Simulation results clarify the
mechanism of the current anomaly: when deep traps are included
in the depletion layer, they act as a carrier generation center
and the junction current steeply increases. The magnitude of the
current after saturation is discussed, focusing on capture rate
and trap density. Further, experimental features for the anomaly,
e.g., the fluctuation in the critical voltage at which the current
begins to increase and the structure dependence of the anomalous
current, are also discussed using the present deep-trap model.

I. INTRODUCTION

CARRIER lifetimes in semiconductors are important in-
dicators [1] of material quality and process cleanliness.

The carrier generation-recombination assisted by single level
traps is a fundamental process in determining the lifetime. This
process was originally studied by Shockley–Read [2] and Hall
[3], and the basic theory is well known as the SRH model.
Based on the SRH model, the multilevel, field-strength, and
temperature dependence have been studied [4]–[6] and the
device operation mechanism has been analyzed [7], [8].

The current component associated with traps frequently
leads to deterioration in device performance. For example,
the current gain in bipolar transistors is degraded by surface
recombinations [9]. And the data retention time of DRAM’s is
shortened by the leakage current in pn junctions [10]. Further,
an anomalous behavior has been observed in current–voltage
( ) characteristics of a CCD gated-diode structure [11].

Recently, semiconductor device dimensions have been dras-
tically minimized to achieve high-speed and low-power oper-
ations. When active currents or charges are scaled-down for
achieving low-power operation, damage due to the current
component associated with traps is relatively increased against
the normal device action.
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Fig. 1. Retention time of DRAM memory cells with small dimensions and
leakage current flowing through pn junctions under reverse-biased conditions
(after Ogasawaraet al. [12]): (a) cumulative failure versus logarithmic
retention time and (b)I�V characteristics observed in the tail distribution
shown in (a).

The recent memory cell-size of DRAM’s is in the order of a
submicron squared area. The leakage current flowing through
pn junctions in these memory cells is a key factor which
determines the data retention time. The aim of this paper is
to study the anomalous current observed in small-dimension
pn junctions [12], i.e., an unexpectedly high leakage current
which makes the retention time extremely short. A locally
generated deep-trap model is proposed to explain the anomaly
in characteristics. Based on this model, the mechanism
that induces the anomaly is analyzed with the help of a one-
dimensional (1-D) simulation. A structure dependence of the
anomalous current is also analyzed using a two-dimensional
(2-D) numerical simulation. Quantitative evaluations will be
given from the viewpoint of the material constants, particula,
focused on the capture rate and trap density which determine
carrier lifetimes.

II. A NOMALOUS BEHAVIOR IN PN-JUNCTION

CURRENT AND CARRIER TRANSPORTMODELING

Measured retention times for DRAM’s are scattered in a
finite range, and the frequency of appearance is usually plotted
as cumulative probability versus logarithmic retention time. As
schematically shown in Fig. 1(a), the cumulative distribution
consists of two parts: the main distribution (given by the
straight line) and the tail. The retention time in systems is
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Fig. 2. Proposed deep-trap model: (a) analyzed device structure, (b) doping profile, (c) delta-function-type deep-trap model, and (d) step-function-type
deep-trap model.

determined by the shortest time in the distribution. Thus, the
existence of the short retention time in the tail distribution is
a serious problem for developing high-density LSI’s.

In the tail bit, an anomalous behavior has been reported
[12]; that is, – characteristics showed a steep increase and
saturation as illustrated in Fig. 1(b). The steep increase in
– curves is hereafter called the jump in current or the

current-jump. In this jump, the current increases stepwise
and, consequently, the data retention time is shortened. The
saturation level after the jump exceeds that of nonanomalous
levels by a factor of 10 to 10 .

Jumping phenomena have already been observed in semi-
insulating GaAs substrates [13], [14]. A theoretical study [14]
has reported a current component assisted by deep traps in
an n-i-n structure, where electrons are injected from an n to
an i-layer. In pn junctions under the reverse bias condition,
however, electrons cannot be injected anywhere. A new model
explaining the step mechanism in– curves is discussed in
the last part of this section.

The carrier transport including trap-assisted components can
be phenomenologically modeled using the current continuity
equation

(1)

and

(2)

Here, is the generation/recombination rate given by

(3)

is the g/r rate given by the SRH model. And and
are the g/r rates from deep donor- and acceptor-type

traps, and they can be modeled as follows:

(4)

and

(5)

Here, and are the deep donor and acceptor densities,
and and are the electron and hole capture rates.

Parameters and in (4) and (5) are given by

(6)

and

(7)

Here, is the energy level of the deep trap center. The
functional formulas of and are commonly used for deep
donors and acceptors. However, the energy leveland the
capture rates are individually defined for deep donors and
acceptors.

Poisson’s equation which determines the potential distribu-
tion can be written as

(8)

The space charges that originate in ionized donors and ac-
ceptors, i.e., and , consist of the shallow and deep
ones. The space charge densities generated from deep traps
are calculated as

(9)

and

(10)

The above deep-trap modeling had been traditionally used in
analyses of compound semiconductor devices [8], [14], [15].

For fabricating an n-p doping profile, n-type impurity
atoms, for example, phosphorus- or arsenic-ions, are usually
implanted into a p-type substrate. Generally, high dose im-
plantation could induce defects (vacancies or Si-interstitial) or
heavy metal contamination, such as Fe, Ni, Zn, etc. They are an
origin of the deep-trap generation and could be distributed near
the metallurgical junction. Considering the junction structure
[Fig. 2(a)] with the n -p doping profile shown in Fig. 2(b),
locally generated deep-trap models, which are mathematically
modeled by spatially changing capture-rates shown in Fig. 2(c)
and (d), are introduced to study the anomalous behavior in

characteristics of small-size pn diodes: One is a spa-
tially localized distribution; namely, a delta-function model as
illustrated in Fig. 2(c). The other is a continuous but partially
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Fig. 3. Current–voltage characteristics and depletion layer width analyzed
by 1-D device simulation to the depth direction. In the numerical scheme, the
deep trap is set at one mesh point for representing the delta-function and the
trap density at this point is assumed to be 1018 cm�3. The energy level of
deep traps is also assumed to be at the mid-gap, the capture rates,Cn and
Cp, to be 10�8 cm3/s, and the lifetime of bulk Si to be 10�6 s.

changed one; namely, a step-function model as illustrated in
Fig. 2(d).

III. A NOMALOUS BEHAVIOR ANALYSIS

For simplicity, donor-type traps distributed like a delta-
function are assumed and the energy level is set at the
middle of the energy gap ( eV). The delta-
function is modeled by setting the deep trap at one mesh
point in a numerical scheme. Current–voltage characteristics
are calculated by 1-D simulation to the depth direction and
results are given in Fig. 3. The depletion layer width obtained
from simulation is also given in the figure.

As seen in the figure, the depletion layer is widened with an
increase in the applied bias. When the edge of the depletion
layer reaches the position where the deep traps are located,
the current flowing through the pn junction steeply increases.
That is, when deep traps are included in the depletion layer,
the deep traps make the electrical state active. Consequently,
carriers assisted by deep traps are emitted into the depletion
layer and the junction current steeply increases. If the deep
trap model is ignored, the current-jump is not found.

When a high bias is applied and the depletion layer expands
over the trap-generated location, the deep traps are completely
activated. Thus, the junction current is saturated in the high-
bias region. This is the physical mechanism of the current-
jump and saturation.

A steep increase and saturation in characteristics in
semi-insulating GaAs with an n-i-n structure originates in
the quasi-Fermi potential pinning at the deep-trap level and
in the depinning caused by the carrier injection from the n
region [14]. However, in reverse-biased pn junctions, carriers
cannot be supplied from an n or p region. Deep traps in
the depletion layer behave as a carrier-supplier and generated
carriers steeply increase the junction current.

Fig. 4. Hole distribution analyzed by 2-D simulation: (a) contour map of the
hole density distribution where deep traps behave like a carrier source and (b)
hole density distribution along the righthand side-wall in (a).

Electrical behavior of deep traps as a carrier-generation
center can be understood using carrier distribution maps. By
carrying out 2-D simulation, the hole distribution is analyzed
and results are illustrated using a contour map as shown in
Fig. 4. In the present analysis, deep traps are set by the delta-
function model at the Si/SiOinterface (see the closed circle
in the figure) and the Si/SiOinterface except for the tarp-
generated region is assumed to be clean. It is found that holes
are emitted from the trap center situated in the n region and
flow toward the p region.

The expansion of the depletion-layer width, especially in the
n-region, is not smooth but rather pinned, while the depletion-
layer edge in the p-region smoothly expands according to the
square root of the applied bias. When the depletion region edge
reaches the trap-generated location, deep traps are ionized as
described in (9). Thus, the space charge density varies even if
the depletion layer edge is spatially fixed. This is the reason
for the depletion layer pinning shown in Fig. 3.

As described above, the current-jump occurs when the
deep traps are included in the depletion layer. Thus, it is
inferred that the critical voltage, , above which the current
steeply increases depends on the location of the deep traps.
Current–density versus voltage characteristics are calculated
and the results are shown in Fig. 5. Calculations are carried
out assuming several sets of the distance,, between the
metallurgical junction and the trap-localized portion. The
critical voltage is varied by changing. Experimentally, it is
scattered in a range of a few volts. From the present analysis,
it is found that the fluctuation of the trap generation in a range
of 0.05 m induces the experimentally observed fluctuation
in .

The doping concentration fluctuation also induces a fluctua-
tion in because the depletion layer width is determined from
the doping level. Current–voltage characteristics are analyzed
with a variation of the doping level as a parameter and
calculated results are given in Fig. 6. In simulation, the middle-
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Fig. 5. Calculated current–voltage characteristics for various distances�
between the trap-generated position and the metallurgical junction given in
Fig. 2. Material constants used in this analysis are identical with those used
in Fig. 3.

Fig. 6. Calculated current–voltage characteristics for various doping levels
as a parameter. Material constants used in this analysis are identical with
those used in Fig. 3.

level in the doping concentration is varied and the doping level
of 1 10 cm is selected as a reference point. When the
doping level is fluctuating 50% around the reference point,
the fluctuation in is in a range of a few volts. Thus, the
sensitively changes with a change in the doping level.

IV. I NTERFACE TRAP ANALYSIS

In this section, the device operation assisted by interface
traps is analyzed using 2-D simulation. Assuming deep traps
at the Si/SiO interface as illustrated in Fig. 4(a), anomalies of
the junction current, especially on the structural dependence
of the anomalous current, are analyzed. The Si/SiOinterface
except for the trap-generated portion is assumed to be clean.
As shown in Fig. 7, a steep increase and saturation in currents
are demonstrated in 2-D simulation. The low-level current
before the current-jump linearly depends on the junction area,
namely, the current is caused by the bulk g/r center. Contrary,
the high-level current in the saturation region induced by
interface traps is independent of the junction area. In the 2-
D analysis, the potential and carrier distributions are assumed
to be uniform in the third axis perpendicular to the analyzed
plane. Consequently, the magnitude of currents induced by

Fig. 7. Device-structural dependence analysis of anomalous current with the
help of 2-D simulation. The cross section analyzed here is analogous to the
structure shown in Fig. 4(a). The width of the pn junction in this cross section
is assumed to be 0.2, 0.4, and 0.8�m for devices #1–3, respectively. The
parameter,S, inserted in the figure denotes the relative area of pn junctions
whenS for device #1 is assumed to be unity (a.u.) as a reference.

the interface trap is linearly dependent on the perimeter. The
validity of the model is discussed by comparing simulation
results to experimental data in a later section.

In the previous analysis, the spatial distribution of deep
traps is assumed to be a delta-function both in 1-D and 2-D
simulation, and the current-jump and saturation mechanisms
were analyzed. When the step-function model shown in Fig.
2(d) is assumed, the current-jump and saturation can also
be obtained from simulation. The current-jump is caused by
electrically activated deep traps and the saturation current level
is determined linearly depending on the interface trap density.
The anomaly mechanism in small-size pn junctions can be
successfully analyzed using the proposed deep-trap model.

V. HIGH FIELD EFFECT

As can be seen in Fig. 1(b), the measured differential-
conductance in the high-current-saturation region is over a
few volts per decade on a semilogarithmic scale, although
the calculated conductance is low as shown in Figs. 5–7.
The measured high-conductance is guessed to be caused by
tunneling-enhanced emission of electrons from traps [7] under
the high-field condition.

Trap-assisted tunneling can be modeled using the field
dependent capture rate [7], [11] and functional formulas are
given by

(11)

and

(12)

Here, is the electric field, is the zero-field capture
rate, and is a field-independent parameter calculated from
material constants.

Calculated results are shown in Fig. 8. It is found that
the differential conductance is enhanced by including the
tunneling. The high conductance after the current-jump is
concluded to result from trap-assisted tunneling under high-
field conditions.
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Fig. 8. Calculated current–voltage characteristics including trap-assisted
tunneling or neglecting it.

VI. M AGNITUDE OF CURRENT AND MATERIAL CONSTANTS

Focused on the low- and high-level currents, and ,
given in Fig. 1(b), simulation results are compared with
experimental data and the validity of the present model is
quantitatively evaluated. First, the low level current,, is
analyzed using the following two models; namely, the bulk-
type g/r model and the interface trap model.

Assuming the bulk-type g/r model, the recombination life-
time, , is obtained from ( , where is the
trap density. The generation lifetime,, under reverse-biased
conditions is defined by due to
and is given by a function of , and [16]. In
simulation, the carrier densities, and , are obtained by
solving the current continuity equations and the operation of,
namely, acts as the recombination or generation process, is
determined depending on the carrier densities. For simplifying
the evaluation, simulation results are plotted as a function
of .

Results are shown in Fig. 9(a), where the current density
obtained from 1-D simulation is translated to the current as-
suming the junction aria of (0.5m) . Lifetimes for electrons
and holes are assumed to be equal for simplicity. As shown in
the figure, the calculated current is inversely proportional to the
lifetime. The measured current is less than 10A at room
temperature. From this analysis, the lifetime is estimated to
be around 10 s. This is smaller than conventionally known
lifetimes [1].

Next, the interface-trap model is evaluated, where interface-
traps are assumed to be uniformly distributed at the hatched
area in the insertion in Fig. 9(b) and 2-D simulation is carried
out. Results are given as a function of the interface trap
density, where the capture rates for electrons and holes are
equal for simplicity. Assuming cm /s, simulation
results indicate that the interface trap density is in the order
of 10 cm . This value is in an experimentally reasonable
range. Further, it is experimentally known that the magnitude
of currents flowing through small pn junctions depends on the
perimeter rather than the area size. As described previously,
the magnitude of currents obtained from 2-D simulation is
linearly dependent on the perimeter. Thus the interface trap is
a candidate which determines the low level current.

(a) (b)

Fig. 9. Low-level current (IL) analysis. Simulation results are denoted by
the solid line: (a) assuming bulk g/r model,IL is calculated as a function
of lifetime by 1-D simulation. Current levels obtained from experiments
are shown by the arrow and (b) assuming interface trap model,IL is also
calculated as a function of the interface trap density by 2-D simulation. The
pn junction area is assumed to be (0.5�m)2 both in (a) and (b).

Fig. 10. High-level current (IH ) analysis as a function of capture rate.
Two-dimensional simulation results are denoted by the solid line and measured
current levels are indicated by the shadowed area. As schematically illustrated
in the insertion, deep traps are generated at the Si/SiO2 interface using the
delta-function model and the trap density is set at1� 10

12 cm�2 along the
bold line. The total number of deep traps corresponds to 50 in the analyzed
volume when the pn junction area is assumed to be (0.5�m)2. Capture rates
for electrons and holes are assumed to be equal for simplicity.

Finally, the high-level current, given in Fig. 1(b), is
analyzed assuming the device structure inserted in Fig. 10.
Deep traps are spatially localized like a delta-function and the
interface between Si/SiOexcept for the localized trap center
is assumed to be clean. When is assumed
in (4) and (5), the g/r rate assisted by deep traps linearly
depends on the product. As described previously,
locally generated deep traps are modeled by the changing
capture rate. In this section, the current,, is evaluated as a
function of the capture rate, , with fixed .

High-level currents are calculated and results are shown in
Fig. 10, where 50 traps are generated in the analyzed volume
by setting the interface trap density to cm along
the dark area in the insertion. When the calculated is
compared to experimental values, the capture rate is estimated
to be 10 cm /s or less. The capture rate calculated from the
capture cross section,, is estimated to be and

cm /s for Fe-containing Si (
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and cm [1]). For Au in Si [17], and
are in a range of to cm (i.e.,
to cm /s). The capture rate estimated from under the
assumption of 50 traps in a cell exceeds that obtained from
by a factor of 10–10.

On the contrary, if cm /s is assumed, the
total number of deep traps is estimated to be around 10.
It was experimentally estimated that Fe ions in initial as-
grown crystals are contained in the range of 10–10 cm .
An Si substrate with a 100m thickness contains 10–10 Fe
atoms/cm. The anomalous behavior has been experimentally
observed at the appearance probability of 10, when an
extremely small pn junctions are integrated with an ultrahigh
density. When a (0.5 m) pn junction is integrated with
isolated regions, cells can be fabricated on a unit area
(1 cm ) and therefore anomalous currents would be found
in 50 cells. In this case, the trap density is from 10to
10 cm . This is not unrealistic considering the number of
Fe-ions in the substrate. Actually, heavy implantations, for
example, around 10 cm or 50 keV, were used during
highly integrated LSI fabrication. Thus, implantation defects
or heavy metal contamination might be induced near the
metallurgical junction.

Deep traps are a candidate for origins that induce the
anomalous behavior observed in the tail distribution shown
in Fig. 1(a). In fact, temperature-dependent transport measure-
ments have shown that activation energies situated near the
middle of the energy gap [12]. However, it is very difficult
to detect such low-density traps because the detection limit
of current equipment, e.g., total reflection X-ray fluorescence,
is in the order of 10 cm . Further research is required for
determining the origin of the anomaly.

VII. CONCLUSIONS

When the size of pn junctions is shrunk and junction cells
are largely integrated with an ultra-high density, an anomalous
current is observed in the tail of the cumulative distribution.
Junction currents frequently show a steep increase and satu-
ration under reverse-biased conditions. Such an anomaly has
been analyzed by device simulation.

A locally generated deep-trap model is proposed as an
origin of the anomaly. Based on the proposed model, the
mechanism of the anomaly and the structure dependence of the
anomalous current are studied. The magnitude of currents after
the saturation is analyzed as a function of the capture rate and
trap density. Results from device simulation are compared to
experimental data, and the trap density is estimated considering
the frequency of appearance for the anomalous currents.
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