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As the density of dynamic random access memo(i2RAMs) enters into giga-bit regime with deep sub-quarter-micrometer
feature size, the control of junction leakage current at storage node becomes much more important because of increased channel
doping concentration. In this paper, we analyzed the junction leakage current of cell transistor and suggested effective cell
structure to improve the data retention time for mass-produced 512 Mb DRAM withu®rl X his cell structure, which is based

on localized channel and field implantation, reduces the junction leakage current by relaxing junction doping profile and implan-
tation damages at source and drain regions. The relaxed junction profile can reduce the electric field strength of a junction and thus
improve data retention time in DRAMs. In addition, subthreshold characteristics of a cell transistor are improved dramatically with
this scheme by increasing threshold voltage of corner transistor that is generally lowered by boron segregation and field crowding
at the shallow trench isolation boundary in the conventional cell transistor. The proposed approach reduced the cumulative fail-bit
probability by about 80% at the data retention time of 128 ms and possibly, can be applied to future high density DRAMs with
feature size down to 0.,km range.
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Improvement of data retention time is one of the most seriouseral cell junction leakage components using the designed test struc-
issues for practical realization of giga-bit density dynamic randomtures to find out where the leakage current is coming from and how
access memoryDRAM), affecting the performance of power con- much the portion of each component is. Taking the results for the
sumption and speed of DRAM. As the memory density continues tojunction leakage components into consideration, we fabricate a cell
increase, the data retention time has nearly doubled for each genertransistor using localized channel and field implantatib@CFI)
tion due to the requirement of high speed and low power consumptechnology, which can improve the data retention time by the sup-
tion, as shown in Fig. 1 For example, refresh time of 256M DRAM  pression of the ion implantation damage at the storage node. The
is about twice as long as that of 64M DRAM to keep constant results for device simulations and experiments for a 512 Mb DRAM
refresh interval 15.qus. Many challenges have been attempted to adopting proposed cell transistor with 0.jL#h design rule are also
improve DRAM data retention characteristics. As the cell isolation discussed.
pitch and cell transistor dimension continue to decrease, doping con- T .
centration at Si substrate should be increased to suppress short Chaﬁ:_lassmcatlon of Junction Leskgge Components at the Storage
nel effect including punch through between neighboring cell node ode
and subthreshold leakage current in cell transistor. When the channel The leakage currents at cell node consist of source/drain junction
length of cell transistor is scaled down to less than Qub3, the leakage (), transistor subthreshold leakagk,fg), capacitor di-
substrate doping concentration should be increased more thaslectric leakage lap), and interlayer leakage current,() as
1 X 10" cm™2 to obtain a threshold voltage of around 1.8 Migh shown in Fig. 2a. Among the components of leakage currents at the
doping level leads to the increase of junction leakage current, whickstorage node, the junction leakage current is the major one as shown
inevitably degrades the data retention tifRecently, the leakage
mechanism in DRAM cells has been experimentally and theoreti-
cally studied by several authors, and it has been reported that the 108 o . , T T
major failure in the refresh operation of DRAM cells is due to ex- Refresh Interval: 15.6 psec
tremely large junction leakage current from locally enhanced elec- 1Gb.~
tric field and trap-assisted anomalous current in depletion réfgion. o
Hence, in order to improve the data retention time via the reduction 256 Mb
of junction leakage current, it is necessary to reduce the generation
of interface state and maximum electric field strength at cell junc-
tion. However, it is very difficult to decrease the electric field and to
control the process induced trap generation without sacrificing the
performance of cell transistor.

Trend of device scaling predicts that the isolation space for fu-
ture generation will be down to about 0.13 and @rh for 1 Gb and
4 Gb DRAM, respectivel§.This progressive scaling tells us that the
shallow trench isolatioltSTI) process will be even more critical for
good device characteristics. It has been reported that STI processing
may induce silicon defects in an STI boundhand that these de-
fects can enhance boron segregation, which degrades the subthresh-
old characteristics of cell transistot¥To achieve good refresh char- 100 L . : .
acteristics, the leakage current through cell transistor as well as the 108 108 107 108 10° 1010
leakage current through cell node junction must be reduced. . .

In this paper, we analyze the measured leakage current into sev- DRAM Density (bits)

" 4Gb
L ]
*
107 | 64 Mb

Refresh Interval
7.8 usec

101 F

Refresh Time (msec)

Figure 1. Variation of refresh time to keep a constant refresh interval. The
refresh time for 256 Mb and 1 Gb DRAM will be 128 ms and 256 ms,
* Electrochemical Society Active Member. respectively, if the refresh interval of 1546 is maintained. Otherwise, the
Z E-mail: hsuh@sejong.ac.kr refresh interval should be decreased.
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Figure 2. (a) Cross-sectional diagram
showing the possible leakage mecha-
nisms and(b) relative portion of each
leakage current at the storage node in
DRAM cells. Among the leakage mecha-
nisms of junction leakage, leakage
through the transfer transistor, capacitor
dielectric leakage, and interlayer dielec-
tric leakage, the junction current is a
Capacitor, lcap dominant factor in the leakage mecha-
Transistor, logr Interlayer, I, nism. SN and CAP in the Fig. 2a repre-

I | | l l l | sent storage node and capacitor, respec-
J tively.

CAP Junction, |,

Gate SN Iu.

Cell Leakage Current (A.U.)
(8]

(@) (®)

in Fig. 2b and will be much more important for higher density mind, we evaluated the relative portion of each component to total
DRAM. In order to reduce the junction leakage current that acts agunction leakage current. Figure 6 shows the cell junction leakage
an obstacle in extending data retention time, it is very important tocurrent reduced to its component. As shown in the figure, the rela-
find out where the leakage is coming fraimulk, active edge ett.  tive portions oflga, Iy, Ige, and dge to total junction leakage
and how much the portion of each current is. current amounted to 24, 12, 14, and 50%, respectively, which im-
Figure 3 is the vertical SEM image of DRAM cells with shallow plies that the peripheral junction leakage current at STI corner and
trench isolation(STI) using a 0.12.m design rule. As shown in the gate border line on the active has a dominant influence on the data
Fig. 3, cell junction leakage current can be divided into five compo-retention time rather than the areal storage node junction leakage

nents, which are listed as gate/active border line curref) ( stor- current. Therefore, it is strongly recommended to reduce the electric
age node area currenltsf), gate/field border line current£g), and field in the depletion region and the process damage during the
two self-aligned contact, SAC/field border line currenitse(, | s, formation of STI, gate, and SAC.

respectively. We established four test patterns to investigate each

component, which are area-type active pattern without ggpe I), Experimental

peripheral-type active without gatéype Il), area-type active with From the viewpoint of reducing the aforementioned junction
gate (type Ill), and peripheral-type active with gateype IV) as leakage components, a 512 Mb DRAM based on a LOCFI cell tran-
shown in Fig. 4. sistor and capacitor-over-bit lin€COB) structure has been fabri-

From these test patterns, respective leakage components can lsated using 0.1m process technology. The key process feature is
extracted. For example, thieyy can be estimated from type | as listed in Table I: 0.25um deep STI with SN, liner and high-
illustrated in Fig. 5. With additional phosphorus implantation, the density-plasma (HDP) oxide filling, retrograde triple well,

surface of type | became fully inverted to n-type region as shown inW-polycide gate stack, self-aligned contact etching for the formation
Fig. 5b and the measured leakage current was decreased signiidf bit-line and storage node contact pad, ang@\tbased cell
cantly. Because SAC/active border line current was not affectingcapacitort®
total junction leakage current any more, only storage node area cur- Figure 7 illustrates the process flow of LOCFI transistors. Silicon
rent, sy, contributed to the junction leakage current. The amount oftrench with 0.25um depth and controlled slope was formed by
reduced leakage current is inferred to be defect-site or deep-trapeactive ion etching using the predeposited pad oxide agh,Si
aSS|sted tunnelirtg*? or thermionic field emission assisted by deep hard mask. After the pull-back of s\, until the silicon active top
traps® By analogy, each unit area of type Il, type Ill, and type IV region was exposed, 20 keV boron was |mplanted vertically on both
approximately contained theldy + 2lgp, (Igy + 2lga), and the active edge and STI bottom as shown in Fig. 7a. The pull-back
(Isy + 2lga + 21gp), respectively. Keeping this relationship in of Si;N, was performed by slight wet etching in;PO, etchant.

Parallel to BL direction Parallel to WL direction

Figure 3. SEM photograph showing

vertical structure of the cell array with
STI, tungsten polycide gate, and self-
aligned poly-Si plugged storage node
pad, and so on. Cell junction leakage
components of gate/active border line
current (ga), Storage node area current
(Isn), gateffield border line current
(Igp), and two SAC/field border line

currents (sr1,lspp), respectively, are

marked on the photograph.
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Figure 4. Test device structures
used for the cell junction leakage
measurements(a) area-type active
pattern without gate(b) peripheral-
type active pattern without gatég)
area-type active pattern with gate,
and(d) peripheral-type active pattern
with gate. Because each test pattern
contains different junction leakage
components, comparison of junction
leakage current measured from these
patterns enabled the total leakage
current to be classified into respec-
tive components.

|

active self-align'ed contact
(a)
Type-I11

gate ©)

(d)

Since active region was fully masked by agh§j layer, high doping ~ Wet etchant were sequentially perform@dg. 7b). Next, the local-
was localized only along the active boundary including corner tran-ized channel implantation was performed through the open window
sistor and bottom of STI. Owing to this beneficial feature of local (Fig. 7c). Because the channel implantation in the storage node was
field implantation, threshold voltages of both parasitic cell edgeblocked by thick photoresigPR) as shown in Fig. 8, the implanta-
transistor and field transistor could be increased, which resulted irfion damage in the region can be suppressed while maintaining the
improved inverse narrow width effe¢tNWE) and STI isolation channel doping concentration equal to that of a conventional cell
characteristics. In addition, it lessened defect generation caused biyansistor. After the channel implantation, W-polycide gate, memory
high energy implantation damage. After 5 nm thick oxide angNgi  Cell contact pad using self-aligned contact scheme, W bit-line,
liner were grown on the trench sidewall, the trench was filled with Al2O; capacitor, and metallization processes were followed sequen-
HDP oxide. The SN, liner prevented sidewall oxidation during the tially (Fig. 7d). Figure 9 shows the final cross section of fabricated
following oxidation process steps such as gate oxidation, gate reoxio12M DRAM with proposed LOCFI cell transistors.

dation, and sidewall reoxidation which are understood to generate ) )

considerable amount of stress due to volume expansion caused by Results and Discussion

thermal oxidation. Thus, the §N, liner suppressesed mechanical In order to predict the effect of localized channel and field im-
stress of the silicon sidewall. Then, chemical-mechanical-polishingplantation on a cell transistor, process and device simulations were
(CMP) planarization and the removal of nitride stack in a hgPB), performed using TSUPREM4 and DAVINCI simulators,

Vo Vo

Figure 5. Cross-sectional view of type |
(a) without phosphorous implantation
e : and (b) with additional phosphorous im-
..... , _‘ . @ . plantation before interlayer dielectric
E O ' deposition. With phosphorous implanta-
depletion layer tion at the dose of x 10" cm 2, the
Si surface became fully inverted to
n-type region and only storage node area
| | current contributed to total leakage cur-
[Em— rent.

poly plugged
self-aligned contac

Inter-layer dielectric
(oxide)

(@ (®)
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Figure 6. Cell junction leakage reduced to its components. Since the periph- B P-well IIP
eral junction leakage current at STI edge and gate border line has a larger I .................................................
effect on total leakage current than areal storage node junction leakage cur- Deep N-well IIP
rent, decrease of electric field in depletion region and reduction of process | e

induced damage during STI, gate, and SAC formation are highly recom- (b)
mended to improve data retention time.

Photo
respectively**> While the device equation solver of DAVINCI Resist ... -
makes possible 3-dimension&B8-D) analysis, TSUPREM4 can
simulate a just 2-D profile. We accordingly simulated the cell tran- —
sistor along channel length and channel width direction, respec- | Channel IIP

tively, using TSUPREMA4 at first. Then we constructed the 3-D dop-
ing profile with the help of the simulation results and performed 3-D . |
device analysis using DAVINCI. On the basis of secondaryionmass L | [
spectroscopy profile data for dopant distribution and electrical mea- (c)
surements, all essential simulation parameters were calibrated.

In the conventional cell transistors adopting overall channel and L
field implantation on the cell region, the extension of the depletion el | G tﬁ_ ]
region from STI edge reduced the gate controllability over channel — K|
width and resulted in the INWE as the channel width of cell tran-
sistor decreases. INWE was also accelerated by boron segregatiol
and field crowding the STI edge. Therefore, an efficient way sup- — =
press INWE is to dope active edge high enough to compensate for | |
the boron segregation because boron impurities atthe edgecaneas | | | | | | | | || [
ily diffuse out during the subsequent thermal process. In the pro- ™ [ — M
posed LOCFI scheme, boron implantation for field stop at the pre- (d)
exposed active edge formed byISj pull-back would make the STI
edge a highly doped region.

Figure 10 shows the roll-off characteristics of threshold voltage Figure 7. Schematic process sequence for LOCFI cell transistajsocal-
as a function of channel width for the conventional and the proposedzed field implantation(b) STI formation CMP planarization(c) localized
LOCFI cell transistors using 3-D device simulation. As active width channel implantation, an@) gate formation.
decreased from 0.4 to 0.06m, the threshold voltage decreased
by about 0.45 V in the conventional cell transistor. On the other

hand, only 0.15 V change of threshold voltage was induced in theyroposed cell transistor. This means that the channel implantation
dose can be reduced in the proposed LOCFI structure meanwhile the
same threshold voltage is maintainéd® By reducing cell channel
implantation, source/drain junction electric field and lightly-doped-

A

Table 1. Summary of key process feature for 512 Mb DRAM drain (LDD) series resistance can be reduced. The decrease of elec-
using 0.12pm technology. tric field strength reduced cell junction leakage and thus improved

) DRAM data retention time. In addition, saturation current of cell
Cell size 0.2852x 0.5952u.m? transistor can be increased due to the reduced LDD resistance and
Cell structure  COB , , _ low doping concentration in channel.
STI 0.25pum depth with HDP oxide gap fill

With a view to investigating the effect of LOCFI scheme on
Cell transistor  LOCFI scheme DRAM data_1 retention time, we prepared two 5_12 Mb DRAM
Gate stack N* poly/WSi, with Si;N, spacer samples using 0.1@m technology; One was adopting cell transis-
Pad contact SAC scheme with phosphorus doped poly-Si pluggingtOrs With conventional field and channel implantation, and the other

Well structure  retrograde triple well

Cell capacitor  poly-Si storage node/AD; /TiN plate node with localized field and channel implantation. In both samples,
Planarization 5 CMP step the field implantation dose was identical to>x4 10'2cm 2. The
Metalization 2 Al channel of both samples was implanted with bo(Bf and boron
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Figure 10. Roll-off characteristics of the threshold voltage as a function of
the active width for the conventional and the proposed LOCFI cell transistors
using 3-D device simulation.

Figure 8. SEM photograph showing PR pattern for localized channel im-
plantation. Since the channel implantation in storage n&le) is com-
pletely blocked by 1.2um thick PR, the implantation damage in storage
node is suppressed.

by localized channel implantation because the implantation damage
in the storage node can be suppressed.
fluoride (BFR,) that have different projected range to suppress short Figure 12 shows the subthreshold slope as a function of cell
channel effect and bulk punch-through. The doses of B angl BF transistor threshold voltage. If the threshold voltage of parasitic cor-
were identical in both samples as>6 10'? and 1 X 10" cm 2, ner transistor becomes equal to that of center transistor, subthreshold
respectively. Electrical measurement of fabricated devices was perslope has the minimum value because a double hump characteristic
formed at the temperature of 85°C and substrate bias®8 V. is eliminated. This implies that the LOCFI cell transistor can have
Figure 11 shows the effect of local channel and field implantationSmaller off-state leakage current without aggravating subthreshold
in view of junction breakdown voltageVgp) as a function of characteristics. Furthermore, since boron impurities are locally im-

threshold voltage of cell transisto¥¢,). As V1 or substrate dop- _plan:_ed into I%ottortn bOf Sl;“ r(?[glon, a d%plpgtﬁrct)flli at cell ?odel
ing concentration increaseWgp in the conventional cell transistor junction would not be abrupt compared 1o that of conventiona

decreased because of the undesirable leakage current caused by 'c%ehz;:neiiluzsrg?gén%énsa)gwcliirgneclﬁitr:grrgliecl)ﬂi(?t'uicct?clnlnnlggi ajugitl'fr[‘
implantation damage and higher electric field. On the other hand, in y ! 9

f the LOCE cell t istov | tant d rent in space charge region and hence DRAM refresh time would
case of the cell transistorgp was nearly constant regard- o, me longer. Figure 13 shows the distribution of reverse junction
less of the change of ;. For example, at the samg, of 1.2V,

Vgp of LOCFI cell transistor was higher by about 0.4 V than that of b;ii':ggg;gf ltagi‘BSDl as ?Sflijnnccrtelc;r;g (;; ff si;ait:z c:?naekda?oe igg:;znstem
conventional one. This is largely due to the decreased electric field OFF: OFF BD

and trap density in the depletion region caused by reduced ion im-

plantation damagé Reduced ion implantation damage is achieved

*®
o
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Figure 11. Correlation of junction breakdown voltage at storage node and
threshold voltage of cell transistor. As the threshold voltage increased, the
junction breakdown voltage decreased in the conventional cell transistor be-
cause of increased substrate doping concentration. On the other hand, the
junction breakdown voltage in the LOCFI cell transistor was nearly constant
Figure 9. Cross-sectional SEM image of a completed 512 Mb DRAM using irrespective of the threshold voltage of cell transistors owing to the localized
0.12 pm technology. channel and field implantation.
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Figure 12. Correlation of subthreshold slope and threshold voltage of cell AV1y(DIBL) = V14(Vp=0.1V) - V14(Vp=2.0V)

transistor. The proposed LOCFI cell transistor has smaller subthreshold slope

by about 10 mV/decade than the conventional one at the same thresholgtigure 14. Cumulative distribution of DIBL effect in the LOCFI and the
voltage, which implies that the LOCFI cell transistor can have smaller chan-cgonventional cell transistors.

nel implantation dose than conventional one while maintaining the same
subthreshold leakage current. This eventually improves data retention char-
acteristics.

optimized from the viewpoint of the process tolerance such as mis-
alignment and variation of critical dimension. Figure 16 is the simu-

for both cell transistors due to the reduced substrate doping concerlation results showing the change ¢, and DIBL as a function of
tration. However, in case of LOCFI cell transist¥ip is higher by ~ Misalignment(e) between each edge of the PR and the localized
about 0.6 V than that of conventional one at the sagg. Figure channel implantation region beneath the gate, when the drain volt-
14 compares the drain-induced-barrier-loweri@jBL) effect of ~ age V/pg) is 0.1 and 4.0 V, respectively. i is decreased from O to
conventional and LOCFI cell transistors. The DIBL of the LOCFI —30 nm, theVyy, is reduced by about 100 mV and the DIBL is
cell transistor is reduced by about 40% compared with that of theincreased to about 35 mV. This represents the case in which the
conventional one. The reduction in subthreshold slope and DiBLIocalized channel region is partly blocked by PR. On the hand, if
provides good chance to improve dynamic refresh characteristics. is larger than 40 nmy+y is increased by about 70 mV, and in that
Data retention curves of 512 Mb DRAMs adopting the conven- case, localized channel implantation seems to be less effectual.
tional and the LOCFI cell transistors, respectively, are presented in
Fig. 15. The data retention characteristics in the case of LOCFI cell Conclusions
transistor are superior to those in the case of the conventional one.
For example, when the data retention time is set to 128 ms, thqtiel
cumulative fail-bit-probability in the case of LOCFI cell transistor is
reduced by about 80% compared with the value in the case of th

conventional one. tively analyzed the cell junction leakage current. Since it was found
Although the LOCFI cell transistor has many advantages, thethat>tlhe mgin componerjlltjs of thejunct?on Igakagé current were olﬁigi—
opening size of PR for the localized channel implantation should benated from gatefactive border region and SAC/field border region,

the proposed cell structure was expected to have longer data reten-

In the present work, a cell transistor using localized channel and
d implantation was proposed to improve the refresh characteris-
ics for low power and reliable operation of giga-bit density

RAMs. Utilizing the specially designed test patterns, we quantita-
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Figure 15. Data retention characteristics of 512 Mb DRAM with 0.{ten
Figure 13. Measured breakdown voltagésp as a function of the off-state  technology adopting the conventional and the LOCFI cell transistors, respec-
leakage currenityr. The LOCFI cell transistor has high¥gp by about 0.6 tively. The measurement temperature, operation volt&ge)( and substrate
V than conventional one at the sarg-¢. bias (Vgg), are 85°C, 3.5V, and-0.8 V, respectively.
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Figure 16. Simulation results showing the trend of the cell transistor thresh-

old voltage and DIBL as a function of misalignment. In order to make the 10.

most of advantages of localized channel implantation, misalignment and

variation of critical dimension for open window should be tightly controlled. 11

In our fabrication process, the misalignment tolerance was confined to
+30 nm, so that the localized channel implantation could be effective.

14.

tion time. In LOCFI cell transistor, the ion implantation damage,

which can induce the locally enhanced electric field and traps in theilgj
depletion region, was mostly suppressed at the storage node. As &.

result, the data retention time and the device yield were greatly
increased. Cell transistor performances such as subthreshold slope,

INWE, and junction leakage currents, were also improved. We ex-;g

pect that the proposed methodology can provide a promising candi-
date for realizing the future giga-bit density DRAMs and beyond.

Sejong University assisted in meeting the publication costs of this article.
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