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Back-Gate Bias Enhanced Band-to-Band
Tunneling Leakage in Scaled MOSFET’s

Ming-Jer ChenMember, IEEE Huan-Tsung Huang, Chin-Shan Havember, IEEE and Kuo-Nan Yang

Abstract—The drain leakage current in MOSFET's in the V
present standard process is separated into three distinct com- G Vb
ponents: the subthreshold conduction, the surface band-to-band [
tunneling (BTBT), and the bulk BTBT. Each of the three shows = ED
different dependencies on back-gate bias. As a result, the bulk =
BTBT, increasing exponentially with increasing the magnitude of n+

back-gate reverse bias, promptly dominates the drain leakage.
Additional experiment highlights the effect of the increased bulk
dopant concentrations as in next-generation scaled MOSFET'’s on
the bulk BTBT. This sets the bulk BTBT a significant constraint
to the low-voltage, low-power, high-density CMOS integrated
circuits employing the back-gate reverse bias. In the work, the I L

measured drain leakage of interest is successfully reproduced by

. . . . . Extra Boron Implant
two-dimensional (2-D) device simulation. P

Ve

Fig. 1. The schematic cross section of the MOSFET structures under study.
. INTRODUCTION The current labeled), is the subthreshold conduction, thg, is the surface

. L . BTBT in the gate-to-drain overlap region, and thgs is the bulk BTBT
HE leakage in the drain is a big pro_blem for SCalm%rough the high doping anti-punchthrough region as well as the extra Boron
the MOSFET's toward the deep submicrometer regimenplant region marked by %"

The reasons are that 1) the subthreshold conduction increases
exponentially due to threshold voltage reduction [1], [2];
2) the surface band-to-band tunneling (BTBT) or gate-induced
drain leakage (GIDL), increases exponentially due to re- The n-channel LDD MOSFET's under test were fabricated
duced gate oxide thickness [3]-[5]; and 3) the bulk BTB1N the present standard CMOS process. In this process, Boron
increases exponentially due to increased high doping bufk0x 10 cm=2, 120 KeV) and then Borord(0 x 10*% cm2,

or pocket concentrations [1], [2]. On the other hand, in tH0 KeV) were implanted to control the punchthrough. The
CMOS integrated circuits such as DRAM'’s, the back-gagate width to length ratio was 20m/0.35 ym and the gate
reverse bias or substrate bias has been widely utilized wikide thickness was 78. Phosphorus€0 x 1012 cm~2, 30

the following advantages created: suppressing subthreshi§llV) and then Arsenic 40 x 10*® cm™2, 45 KeV) were
leakage, lowering parasitic junction capacitances, increasiingplanted to form the low-doped source/drain and Arsenic
immunity against latch-up or parasitic bipolar, etc. Without.4 x 101> cm~2, 40 KeV) was implanted to form the highly-
considering the GIDL and the back-gate bias, the other twioped n~ source/drain. The simulated doping profile using
leakage components for next-generation scaled MOSFEB&PREM-IV showed that 1) the peak dopant concentration
have been projected by Mead [1], pointing to the dominance By1 x 10'® cm~2 in the gate-to-drain overlap region and 2)
subthreshold leakage in the scaling direction down to Qu@il- the anti-punchthrough implant region, having the peak dopant
feature size. concentrations o6 x 1017 cm™3, is formed at the bottom

In this letter, we demonstrate experimentally that the bacfinction of the rt region. The cross section of the structures
gate reverse bias can significantly enhance the bulk BTBT g@der study is schematically shown in Fig. 1.

the level over the GIDL and the subthreshold Conduction, andThe measured drain current versus gate V0|tage with back-
this situation is more serious in the scaling direction. gate reverse bias as a parameter is shown in Fig. 2 for drain
voltageVp, fixed at 3 V and source being grounded. This figure
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Fig. 2. The measured drain current versus gate voltage with back-gate lfag 3. The measured drain current versus back-gate bias with gate voltage as
as a parameter for drain voltage fixed at 3 V and source being grounded. Bsarameter for grounded drain and open source. Also plotted are the simulated
temperature dependent drain current is also shown for back-gate big&VWf results. In simulation, the BTBT raté = Q(EQ/EQO--”) exp(_gEg1 -S/E)
wherea = 5 x 102° eV-®/cm s \V#; 3 = 20 MV/cm eV!®; Eqg is the
. . . . energy bandgap; an8 is the electric field strength. The values of the BTBT
drain to bulk. From Fig. 2 we can observe that increasingd impact ionization physical parameters are close to those in the literature.

the magnitude of back-gate reverse bigs can substantially The nt+ dfa}ir?_af;& 2t0 X 2dO pm?. Tlhe Si”}“'atEdd Ft)ﬁak _SUflfatced eleakfig "
. strength In the gate-to-drain overiap region an e simulated peak bu

lower the subthreshold conduction, as gxpected due to the p@ﬁmc field strength at, — Ve = Vi) — Vig = 7 V are 1.0 and 0.92

effect; however, the bulk component is increased exponentially/cm, respectively.

and promptly dominates the drain leakagelat = 0 V for

Ve <—1 V. Also plotted in Fig. 2 are the measured tem- T T IR

-1
perature dependencies, showing a small, positive temperature .~ 10 | Extra Boron Imp. |
coefficient in the bulk component. This suggests the BTBT as f:/ 1031 5x1013cm§ 10* I
the origin of the bulk component. Indeed, Fig. 2 removes the 2 |oxio¥em?®Y [ h 10” |

possibilities of the surface BTBT or GIDL that is essentially
independent of back-gate bias [3]-[6]. Thus, the bulk BTBT
flows through the high doping anti-punchthrough implant
region, which is far away from the surface modulation region
as schematically shown in Fig. 1. Again, the simultaneously
measured gate current is found to be only the measurement
noise, and thereby has no contribution to the drain leakage.
The surface and bulk BTBT components were separated
in a gated diode configuration with, = 0 as shown in
Fig. 3, where the curve of zero gate voltage stands for the
bulk BTBT while the remaining the surface BTBT. From VD'VB %
Fig. 3, two observations of concern can be drawn. First, at the

e . ~ . Fig. 4. The measured (lines) and simulated (symbols) bulk BTBT current
critical pointsVp — Vp = Vp — Vi the bulk BTBT is about versus the drain to back-gate voltage with the extra Boron implant dosage

equal to the surface BTBT. Second, an increase in the drainatoa parameter. The inset shows the corresponding simulated vertical doping

substrate bias over the drain to gate bias can render the bRjéles from the surface of themdrain. The i drain area= 100 x 20 pm?.

BTBT dominate the Ieakage. Thus, in the conventional CM eVD_ — Vi values needed for 1 nA leakage level are_6.2 V for no extra
ron implant and 4.4, 3.9, and 2.6 V for extra Boron implant dosages of

integrated circuits¥{z = 0 V) in the same fabrication process,i x 10,2 x 103, and5 x 10'® cm—2, respectively. The corresponding

the surface and bulk BTBT components at a given Suppﬂynulated peak electric field strengths are almost equal to 0.8 MV/cm.

gg c:or(;tnvt?u;eo\?vlglc;it ?quu;‘]”ey égstgeofs t;?,i?gedgisk[zzl::g;ﬁve judgeq that the_area component rather than the edge

such as DRAM'’s, the bulk BTBT dominates over the surfac®mponent is responsible for the observed bulk BTBT.

BTBT.

A two-dimensional (2-D) device simulation program IIl. ADDITIONAL EXPERIMENT

MEDICI was further performed with the simulated doping To reflect the influences of the increased bulk dopant

profiles as input parameters. First considering only the BTBbncentrations in next-generation scaled MOSFET's on the

generation, the simulation results shown in Fig. 3 exhibit lsulk BTBT, the other test structures were fabricated by the

large discrepancy in the larg&p| region forV; = 0 V. This same process with and without the extra Boron implant. The

deviation is due to an amplification by impact ionizationextra Boron species immediately following th& source/drain

Second simulation taking into account impact ionizatioimmplant were through the same window and a local higher

considerably improves the reproduction quality as showtoping p~ region was formed at the bottom junction of the

in Fig. 3. The simulated current flowlines (not shown herejt region as schematically shown in Fig. 1. Three different

b
=)

—
=]

—
=)

Doping Concentration (cm 3)
—
S

0 0.4 0.8
Location (um)

Drain Current 1
= —
2 = 2 o

—_ o ~ (V.1

Wy
:|

[N

W



136 IEEE ELECTRON DEVICE LETTERS, VOL. 19, NO. 4, APRIL 1998

dosages ofl x 10,2 x 10'3, and 5 x 10'* cm~2 were can significantly enhance the bulk BTBT leakage to the level

used, all having the same implant energy of 55 KeV. Thaver the surface BTBT and the subthreshold conduction, and

corresponding peak dopant concentrations from SUPREM-tKis situation is more serious in the scaling direction. The large

were 1 x 1018,1.5 x 10'8, and3 x 108 cm~3, respectively. bulk BTBT can deteriorate the circuit performance in terms of

The simulated vertical doping profiles are given in the insdecreased retention time in dynamic logic and memory, heavy

of Fig. 4. The measured bulk BTBT leakage versus drain toading of substrate bias generators, large stand-by power, etc.

back-gate voltage characteristics with the extra Boron implahhus, to preserve the original merits of the back-gate reverse

dosage as a parameter are shown in Fig. 4. Apparently, thias, a trade-off in the device structure parameters and/or

increased local bulk dopant concentrations can produce amovel circuit technique each must be carefully engineered

exponential increase in the bulk BTBT and, overall, push tle@ming to control the bulk BTBT.

I-V curves to the low-voltage regime. Thus, in projecting

the low-voltage, low-power, high-density CMOS integrated

circuits along the MOSFET scaling direction, the impact REFERENCES
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