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Numerical Analysis of an Anomalous
Current Assisted by Locally
Generated Deep Traps in pn Junctions

Ken YamaguchiMember, IEEE, Tatsuya Teshima, and Hiroshi Mizutslember, IEEE

Abstract—An anomalous current observed in reverse-biased  99.999 — T
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 106 1 1 1 e TR
and trap density. Further, experimental features for the anomaly, 104 103 102 101 1 01234567
e.g., the fluctuation in the critical voltage at which the current NORMALIZED REVERSE-BIASED
begins to increase and the structure dependence of the anomalous RETENTION TIME VOLTAGE (V)
current, are also discussed using the present deep-trap model. @) (b)
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Fig. 1. Retention time of DRAM memory cells with small dimensions and
|. INTRODUCTION leakage current flowing through pn junctions under reverse-biased conditions
(after Ogasawaraet al. [12]): (a) cumulative failure versus logarithmic
ARRIER lifetimes in semiconductors are important inretention time and (bY—V characteristics observed in the tail distribution

dicators [1] of material quality and process cleanlinesg?own in (a).

The carrier generation-recombination assisted by single level
traps is a fundamental process in determining the lifetime. ThisThe recent memory cell-size of DRAM's is in the order of a
process was originally studied by Shockley—Read [2] and Halipmicron squared area. The leakage current flowing through
[3], and the basic theory is well known as the SRH modgh, junctions in these memory cells is a key factor which
Based on the SRH model, the multilevel, field-strength, aRgtermines the data retention time. The aim of this paper is
temperature dependence have been studied [4]-6] and {§&ydy the anomalous current observed in small-dimension
device operation mechanism has been analyzed [7], [8].  pn junctions [12], i.e., an unexpectedly high leakage current

The current component associated with traps frequenfhqich makes the retention time extremely short. A locally
leads to deterioration in device performance. For exampﬁ‘enerated deep-trap model is proposed to explain the anomaly
the current gain in bipolar transistors is degraded by surfager v characteristics. Based on this model, the mechanism
recombinations [9]. And the data retention time of DRAM’S i$hat induces the anomaly is analyzed with the help of a one-
shortened by the leakage current in pn junctions [10]. Furthgfmensional (1-D) simulation. A structure dependence of the
an anomalous behavior has been observed in current-voltgg@malous current is also analyzed using a two-dimensional
(I-V) characteristics of a CCD gated-diode structure [11]. (2.py numerical simulation. Quantitative evaluations will be

Recently, semiconductor device dimensions have been drggzen from the viewpoint of the material constants, particula,

tically minimized to achieve high-speed and low-power opefscysed on the capture rate and trap density which determine
ations. When active currents or charges are scaled-down £gkrier lifetimes.

achieving low-power operation, damage due to the current
component associated with traps is relatively increased against

; . II. ANOMALOUS BEHAVIOR IN PN-JUNCTION
the normal device action.

CURRENT AND CARRIER TRANSPORT MODELING
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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) stegp&unctio
deep-trap model.

determined by the shortest time in the distribution. Thus, tlarameters; andp; in (4) and (5) are given by
existence of the short retention time in the tail distribution is

a serious problem for developing high-density LSI's. ny =n; exp ((Ey — E;)/kT) (6)
In the tail bit, an anomalous behavior has been reportedd
[12]; that is,I—V characteristics showed a steep increase and p1 =n; exp ((E; — Ey)/KT). (7)

saturation as illustrated in Fig. 1(b). The steep increase in
I-V curves is hereafter called the jump in current or thgere, E, is the energy level of the deep trap center. The
current-jump. In this jump, the current increases stepwisgnctional formulas of.; andp, are commonly used for deep
and, consequently, the data retention time is shortened. Tdehors and acceptors. However, the energy léyehnd the
saturation level after the jump exceeds that of nonanomalatigpture rates are individually defined for deep donors and
levels by a factor of 10to 1C°. acceptors.

Jumping phenomena have already been observed in semiPoisson’s equation which determines the potential distribu-
insulating GaAs substrates [13], [14]. A theoretical study [14jon can be written as
has reported a current component assisted by deep traps in
an n-i-n structure, where electrons are injected from an n to eV =q(n —p— Np+ Na). (8)
an i-layer. In pn junctions under the reverse bias condition o o
however, electrons cannot be injected anywhere. A new moddie space charges that originate in ionized donors and ac-
explaining the step mechanism InV' curves is discussed in CePOrS, i.e.Np and N4, consist of the shallow and deep
the last part of this section. ones. The space charge densities generated from deep traps

The carrier transport including trap-assisted components & c@lculated as

be phenomenologically modeled using the current continuity Nt n1/Cp 4 p/Chr N 9
equation DD = (4 n1)/Cp + (p+p1)/Cr” " ®)
and
vVJ,=R (1) N n/Cp+p1/Cr Now. (10)
and PA T+ m)/Cp+ (p+p1)/Cn
VJ, = —R. 2 i . i
The above deep-trap modeling had been traditionally used in
Here, R is the generation/recombination rate given by analyses of compound semiconductor devices [8], [14], [15].
For fabricating an m-p doping profile, n-type impurity
R = Rsgru + Rpp + Rpa. (3) atoms, for example, phosphorus- or arsenic-ions, are usually

_ . implanted into a p-type substrate. Generally, high dose im-
Rsry is the g/r rate given by the SRH model. Adthp and  plantation could induce defects (vacancies or Si-interstitial) or
Rpa are the g/r rates from deep donor- and acceptor-typeavy metal contamination, such as Fe, Ni, Zn, etc. They are an
traps, and they can be modeled as follows: origin of the deep-trap generation and could be distributed near

the metallurgical junction. Considering the junction structure
Npp (4) [Fig. 2(a)] with the rt-p doping profile shown in Fig. 2(b),
locally generated deep-trap models, which are mathematically
np — nip: modeled by spatially changing capture-rates shown in Fig. 2(c)
Rpa = Npa. (5) and (d), are introduced to study the anomalous behavior in
(n+n1)/Cp+ (p+p1)/Cn o : Sth .
I—V characteristics of small-size pn diodes: One is a spa-
Here,Npp andNp 4 are the deep donor and acceptor densitietially localized distribution; namely, a delta-function model as
and C, and C, are the electron and hole capture ratedlustrated in Fig. 2(c). The other is a continuous but partially

np —nipi
(n+n1)/Cp+ (p+p1)/Cn

Rpp =

and




YAMAGUCHI et al: NUMERICAL ANALYSIS OF AN ANOMALOUS CURRENT 1161

1075 — Deep o OSWm  _ HOLE DENSITY (cm?)
\“{Y\Eﬂ 402 trap 1010 1015
106 | POSITION OF C ] € R R
g DEEP TRAPS =2 )
S DEPLETIONLAYER {01 3 n-region
< 07 L EDGE (n) sF ]
> [OX$) ln
- s r=z !
%] 1 LS e
Z 10'8 400 w™>
] : o
=) z 5
E 9 DEPLETION LAYER E@ Metallurgical
210 EDGE (p) 101 85 junctidn
& >
>
<
O 40-10] £
1-0.2 =
10 -1 1 1 . L
0 1 2 3 4 5
VOLTAGE (V) p-type sub.
Fig. 3. Current—voltage characteristics and depletion layer width analyzed e —

by 1-D device simulation to the depth direction. In the numerical scheme, tEe

deep trap is set at one mesh point for representing the delta-function andﬁ ‘:j H_(t)IedFiitst‘rki]bltJ_tion alt’]nalyzed b3{ 2-D Ein;\ulaticl)‘ril: @) contour map of tgeb
trap density at this point is assumed to bé®.@m—3. The energy level of ole density distribution where deep traps behave like a carrier source and (b)

deep traps is also assumed to be at the mid-gap, the capture Gates)d hole density distribution along the righthand side-wall in (a).
Cp, to be 10°% cm?/s, and the lifetime of bulk Si to be 1§ s.

Electrical behavior of deep traps as a carrier-generation
changed one; namely, a step-function model as illustrateddenter can be understood using carrier distribution maps. By
Fig. 2(d). 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-
[Il. ANOMALOUS BEHAVIOR ANALYSIS function model at the Si/SiQinterface (see the closed circle

For simplicity, donor-type traps distributed like a deltai—n the figure) and the Si/Siinterface except for the tarp-

function are assumed and the energy lefklis set at the generated region is assumed to be clean. It is found that holes
middle of the energy gapF;, — E. — 0.55 eV). The delta- &' emitted from the trap center situated in the n region and

function is modeled by setting the deep trap at one megﬂw toward the p region.

point in a numerical scheme. Current—voltage characteristicsThe expansion of the depletion-layer width, especially in the

are calculated by 1-D simulation to the depth direction arfii"®9ion. is not smooth but rather pinned, while the depletion-
results are given in Fig. 3. The depletion layer width obtaind@Y®" €dge in the p-region smoothly expands according to the
from simulation is also given in the figure. square root of the applied bias. When the depletion region edge
As seen in the figure, the depletion layer is widened with faches the trap-generated location, deep traps are ionized as
increase in the applied bias. When the edge of the depletid@Scribed in (9). Thus, the space charge density varies even if
layer reaches the position where the deep traps are locafé§, depletion layer edge is spatially fixed. This is the reason
the current flowing through the pn junction steeply increasd§' the depletion layer pinning shown in Fig. 3.
That is, when deep traps are included in the depletion layer,AS described above, the currentjump occurs when the
the deep traps make the electrical state active. ConsequerfifeP traps are included in the depletion layer. Thus, it is
carriers assisted by deep traps are emitted into the depletidi¢rred that the critical voltagd;., above which the current
layer and the junction current steeply increases. If the dedi§eply increases depends on the location of the deep traps.
trap model is ignored, the current-jump is not found. Current—density versus voltage characteristics are calculated
When a high bias is applied and the depletion layer expan@dd the results are shown in Fig. 5. Calculations are carried
over the trap-generated location, the deep traps are complefdly assuming several sets of the distange between the
activated. Thus, the junction current is saturated in the higfetallurgical junction and the trap-localized portion. The
bias region. This is the physical mechanism of the currerfititical voltage is varied by changing Experimentally, it is
jump and saturation. scattered in a range of a few volts. From the present analysis,
A steep increase and saturation fin-V characteristics in it is found that the fluctuation of the trap generation in a range
semi-insulating GaAs with an n-i-n structure originates iaf ~0.05m induces the experimentally observed fluctuation
the quasi-Fermi potential pinning at the deep-trap level ainl V..
in the depinning caused by the carrier injection from the n The doping concentration fluctuation also induces a fluctua-
region [14]. However, in reverse-biased pn junctions, carrietion in V.. because the depletion layer width is determined from
cannot be supplied from an n or p region. Deep traps the doping level. Current—voltage characteristics are analyzed
the depletion layer behave as a carrier-supplier and generatéith a variation of the doping level as a parameter and
carriers steeply increase the junction current. calculated results are given in Fig. 6. In simulation, the middle-
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parameterS, inserted in the figure denotes the relative area of pn junctions

Fig. 5. Calculated current-voltage characteristics for various dista@cesWhenS for device #1 is assumed to be unity (a.u.) as a reference.

between the trap-generated position and the metallurgical junction given in

Fig. 2. Material constants used in this analysis are identical with those us%d . L .
in Fig. 3. 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.
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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. V. HIGH FIELD EFFECT
As can be seen in Fig. 1(b), the measured differential-

(Pnductance in the high-current-saturation region is over a

level in the doping concentration is varied and the doping levi ) o
of 1 x 10'8 cm~3 is selected as a reference point. When t w volts per decade on a semilogarithmic scale, although
the calculated conductance is low as shown in Figs. 5-7.

doping level is fluctuatingt50% around the reference point
thepflugctuation inV. is in a?i;ange of a few volts. Thus, tlr;é The measured high-cor_ldgctance Is guessed to be caused by
sensitively changes with a change in the doping level. tunne_llng-_enhanceq emission of electrons from traps [7] under
the high-field condition.
Trap-assisted tunneling can be modeled using the field
IV. INTERFACE TRAP ANALYSIS dependent capture rate [7], [11] and functional formulas are
In this section, the device operation assisted by interfagézen by

traps is analyzed using 2-D simulation. Assuming deep traps
at the Si/SiQ interface as illustrated in Fig. 4(a), anomalies of C(E) =(1+T(E)) x Cy (11)
the junction current, especially on the structural depende
of the anomalous current, are analyzed. The SiSierface
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 curretidere, £ is the electric field,Cy is the zero-field capture
before the current-jump linearly depends on the junction argate, andB is a field-independent parameter calculated from
namely, the current is caused by the bulk g/r center. Contramaterial constants.
the high-level current in the saturation region induced by Calculated results are shown in Fig. 8. It is found that
interface traps is independent of the junction area. In the the differential conductance is enhanced by including the
D analysis, the potential and carrier distributions are assumedneling. The high conductance after the current-jump is
to be uniform in the third axis perpendicular to the analyzetbncluded to result from trap-assisted tunneling under high-
plane. Consequently, the magnitude of currents induced figld conditions.

[(E) =2V3r x (E/B) x exp(E/B)>. (12)
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Fig. 9. Low-level current ;,) analysis. Simulation results are denoted by
the solid line: (a) assuming bulk g/r moddl;, is calculated as a function

VI. MAGNITUDE OF CURRENT AND MATERIAL CONSTANTS of lifetime by 1-D simulation. Current levels obtained from experiments
) are shown by the arrow and (b) assuming interface trap mddeis also

Focused on the low- and high-level currenifg, and I, calculated as a function of the interface 2trap density by 2-D simulation. The
given in Fig. 1(b), simulation results are compared with"junction area is assumed to be (p.5)” both in (a) and (b).
experimental data and the validity of the present model is

quantitatively evaluated. First, the low level currest,, is _- y y —

. . . Si02 _— Dcep-trap locating
analyzed using the following two models; namely, the bulk- N ]
type g/r model and the interface trap model. e

Assuming the bulk-type g/r model, the recombination life- |5_5 105} |
time, 7., is obtained from € x Np)~!, where Ny is the z
trap density. The generation lifetime,, under reverse-biased T jp-14f 1
conditions is defined byR = —n;/7, due tonp < n? a
and is given by a function of,, C,, Cp, and E, [16]. In 1078 ’
. . . . . T=300k
simulation, the carrier densities, and p, are obtained by o ) ) : )
107" 0% 107 10% 10° 10+

solving the current continuity equations and the operatioR,of
namely, R acts as the recombination or generation process, is CAPTURE RATE (cm3s)
determined depending on the carrier densities. For SlmpllfyIE%. 10. High-level current I(;) analysis as a function of capture rate.

the evaluation, simulation results are plotted as a functi@fio-dimensional simulation resuilts are denoted by the solid line and measured
of 7. current levels are indicated by the shadowed area. As schematically illustrated
; ; in the insertion, deep traps are generated at the Si/8i@rface using the

R?SUHS are Showr‘ In F!g. 9.(a)’ where the current dens| Ita-function model and the trap density is set at 10'2 cm~—2 along the

obtained from 1-D simulation is translated to the current age|d line. The total number of deep traps corresponds to 50 in the analyzed

suming the junction aria of (0.pm)?. Lifetimes for electrons volume when the pn junction area is assumed to be @ . Capture rates

and holes are assumed to be equal for simplicity. As shownfﬂrl electrons and holes are assumed to be equal for simplicity.

the figure, the calculated current is inversely proportional to the

lifetime. The measured current is less tharm ¥0A at room Finally, the high-level current/;; given in Fig. 1(b), is

temperature. From this analysis, the lifetime is estimated j@alyzed assuming the device structure inserted in Fig. 10.
be around 10° s. This is smaller than conventionally knownpeep traps are spatially localized like a delta-function and the
lifetimes [1]. interface between Si/SiOexcept for the localized trap center
Next, the interface-trap model is evaluated, where interfagg- assumed to be clean. Whep, = C, (=C) is assumed
traps are assumed to be uniformly distributed at the hatchﬂd(4) and (5), the g/r rate assisted by deep traps linearly
area in the insertion in Fig. 9(b) and 2-D simulation is carriegbpends on th& x N product. As described previously,
out. Results are given as a function of the interface trapcally generated deep traps are modeled by the changing
density, where the capture rates for electrons and holes as®ture rate. In this section, the currefy, is evaluated as a
equal for simplicity. Assuming” = 10~® cm?®/s, simulation function of the capture rate;, with fixed Nz-.
results indicate that the interface trap density is in the orderHigh-level currents are calculated and results are shown in
of 10'° cm™2. This value is in an experimentally reasonablfig. 10, where 50 traps are generated in the analyzed volume
range. Further, it is experimentally known that the magnitudsg/ setting the interface trap density tox 10'? cm~2 along
of currents flowing through small pn junctions depends on thiee dark area in the insertion. When the calculafed is
perimeter rather than the area size. As described previouslgmpared to experimental values, the capture rate is estimated
the magnitude of currents obtained from 2-D simulation ® be 10 cm?/s or less. The capture rate calculated from the
linearly dependent on the perimeter. Thus the interface trapcispture cross sectioa, is estimated to b€, = 2x 10~7 and
a candidate which determines the low level current. C, = 5 x 1072 cm?/s for Fe-containing Sid,, = 2 x 107*
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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
experimental data, and the trap density is estimated considet
the frequency of appearance for the anomalous currents.
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