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Introduction: As technology is scaled down, band to band 
tunneling becomes an increasingly important source of leakage 
[1] as is manifested in GIDL (gate induced drain leakage cur-
rents). A transistor under conditions favorable to GIDL (high 
drain bias and low gate bias) is depicted in Fig. 1 where it is 
seen that the gate field induces tunneling in a path more or less 
parallel to the surface. This makes GIDL sensitive to the sur-
face orientation of the FET. For instance in IBM’s 11LP tech-
nology [2] and others, the FETs are purposely oriented in the 
100 direction on a (100) wafer (45 deg. off flat) to reduce 
GIDL rather than in the conventional 011 direction. Easy tun-
neling directions are expected to lie along paths of lowest ef-
fective mass, thus one, in contradiction to the above experience,  
would expect 001 to be the easiest tunneling direction for sili-
con since four of the low transverse conduction-band effective 
mass (0.19) valleys are available in contrast to 011 where only 
two valleys are available. 111 is thus expected to be a difficult 
tunneling direction since the effective mass of all six valleys, 
projected along the tunneling direction, are large (0.41). In 
contrast to this, the valence split-off band in silicon (see Fig. 2 
and Table 1) have low effective masses for tunneling of holes, 
especially in the 111 (Γ-L) direction (0.083). Systematic ex-
perimental data and reliable theoretical data are lacking, there-
fore we present here a timely and important experimental study 
of the directional dependence of band-to-band tunneling in 
silicon.   

Experimental Methodology: We follow the experimental 
methodology of [3] with the difference that a heavily doped 
buried layer (see Fig. 3) is used in place of a heavily doped 
substrate and on-wafer probing is used instead of bonded sam-
ples, using a large sample (1 mm dia.) as a second substrate 
terminal, for both CV and IV measurements. Small samples are 
used (5 and 10 µm dia.) to reduce the impact of series resis-
tance. N-P LOCOS isolated diodes were fabricated on 100, 001 
and 111 substrates with eight implant conditions on four quad-
rants of two wafers. The conditions for Q2-5, used in the ex-
periment are given in Table 2. TSUPREME simulations are 
shown in Fig.4. IV was measured with the HP 4142B SMU 
unit and CV was measured with the HP 4294A LCR meter, at 
1MHz. Note that in this methodology [3] the lower leakage 
part of the CV curve is matched to a CV curve produced by an 
exponential doping profile (N(x) = Nb0 – exp(x/λ)) where Nb0, λ 
and the bandgap are the adjustable parameters. Once the profile 
has been derived the effective tunnel distance [4] can be calcu-
lated for any applied voltage. 
Results and Discussion: IV characteristics of diodes for the 
three orientations and two doping conditions (2 and 5) are 
shown in Fig. 5. Note the strong enhancement of tunneling 
current for the 011 and 111 wafers. This is partly due to doping 
profile differences, as shown in Figs 6 and 7 where a capaci-
tance, for a given implant condition, is larger for 111. Fig. 7 

also shows the quality of the fit achieved with our fitting pro-
cedure. Given the strong field assisted diffusion evidenced in 
Fig. 4 it is not surprising that the profile is wafer orientation 
dependent.  Fig. 8 shows J-V curves for the three wafers for 
the two sized samples. The current is substantially proportional 
to area, although for the 001 sample the smaller sample shows 
an appreciable excess current especially for the lowest doped 
quadrant. We believe that this is an intrinsic effect caused by 
the current flowing at the device periphery (see Fig. 3) in 
non-001 directions. The peripheral area and the current-density 
enhancements are large enough to account for the data. CV 
derived doping densities, compared to the fitting profiles are 
shown in Fig. 9. Note that a good match is obtained only for 
the lower leakage part of the CV curve used in the fitting. 
While the profile obviously has a lot of noise and uncertainty, 
the tunnel distance calculated from the profile [4] is relatively 
insensitive to the profile parameters (see Fig. 10) provided the 
capacitance at low voltages is accurately determined. Current 
density vs. effective tunneling distance is shown in Fig. 10. 
where segments of the curves are at constant voltages, each 
point from a separate quadrant. Note how strikingly the data 
are unified, as in [3], but now the 011 and 111 orientations 
show higher currents than 001 in agreement with GIDL ex-
perience. The effective mass (averaged over all segments) and 
prefactor was derived from the slope and intercept of each 
segment as show in Table 3. While the trend of the data shows 
a steeper slope for the 100 curve, the effective mass (slope of 
the segments) is the same (0.21) for all orientations, and the 
current density increase is caused by the prefactor. The rela-
tively effective mass for the 111 direction suggests that the 
high projected effective mass of the conduction band valleys is 
somehow bypassed in the tunneling process, perhaps by the 
low-mass split-off valence band. The high pre-factor for the 
001 ans 111 directions suggests larger number of states for 
tunneling or a more efficient phonon transfer process 
Conclusions: We have shown an enhancement of 
band-to-band tunneling in the 011 and 111 directions, com-
pared to 001, which confirms the choice made for low-power 
technologies of aligning FETs in the 001 direction. 
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Fig. 1: This is a placeholder, 
awaiting an improved figure 
from Arvind or Jin. 

Valley. mh 

ΓSO → L .083 

ΓSO → X 0.20 

ΓSO → K 0.13 

Γ → K 0.35 

Table 1: Effective masses 
for the split-off and light 
-hole valence bands, from 
Fig. 2 

Fig. 2:  Si bandstructure computed via a 
nearest-neighbor empirical tight binding 
technique using sp3d5s* orbitals with 
spin-orbit interaction included. After J.- 
Jancu, R. Scholz, F. Beltram and F. Bas-
sani, Phys. Rev. B, 57, 6493, (1998). 

0.1 µm

Al

LOCOS

Ti

P+ BURIED LAYER (B, 200 KeV)

P-Si

VARIABLE P+ IMPLANT
(B, 20 KeV)

N++ (As, 4&20 KeV)

Table 2: Boron Dose 
for variable boron 
implants. 

Quad. B:20KeV 

(cm-2) 

2 1.2E14 

3 2.0E14 

4 2.6E14 

5 3.5E14 

Figure 4: TSUPREME simu-
lations of ion implattation and 
rapid thermal anneals, in-
cluding full transient en-
hanced diffusion  

Figure 3: Schematic detail of edge 
of LOCOS isolated NP diode. 

Fig. 5:  Current density vs 
voltage for Q2 and Q5 for all 
crystal orientations. 
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Fig. 6: CV curves, at 1MHz, for Q2, 
Q3 and Q5 for all crystal orienta-
tions. Downturn in curves at high 
bias is caused by leakage. 

Figure 7: Detail of CV curves 
for Q4 showing data and ex-
ponential doping model fits. 
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Fig. 8: Current density vs. voltage for Q2, Q3 and Q5 for 10um and 5um sample diameters. 
For 001 (a), 011 (b) and 111 (c) orientations  

-15 -10 -5 0 5
1E18

1E19

1E20

001

EL
E

C
TR

IC
A

L 
D

O
P

IN
G

 (c
m

-3
)

DIST. FROM JCTN (nm)

PROCESED DATA:
 001-2
 001-3
 001-5

FITTED PROFILE
 001-2
 001-3
 001-5

-15 -10 -5 0 5
1E18

1E19

1E20

EL
E

C
TR

IC
A

L 
D

O
P

IN
G

 (c
m

-3
)

DIST. FROM JCTN (nm)

PROCESED DATA:
 011-2
 011-3
 011-5

FITTED PROFILE
 011-2
 011-3
 011-5

011

-15 -10 -5 0 5
1E18

1E19

1E20

EL
E

C
TR

IC
A

L 
D

O
P

IN
G

 (c
m

-3
)

DIST. FROM JCTN (nm)

PROCESED DATA:
 111-2
 111-3
 111-5

FITTED PROFILE
 111-2
 111-3
 111-5

111

Fig. 9: Doping densities calculated from the data, compared to the fitted exponential profiles, using the ratio of left and 
right-hand side doping derived from the fitted profiles. Fitting parameters (Vb(V),Nb0(1019 cm-3),λ (nm)) are (a) 001-Q2: 
(1.04,0.90, 3.72), Q3:(1.04,1.21,2.78), Q5:( 1.12,1.53,1.06), (b) 011-Q2:( 1.04,0.97,3.78), Q3:(1.02,1.34,3.17), Q5:(1.0,
1.41,1.86), and (c) 111-Q2:( 1.03,0.99,3.06), Q3:( 1.01,1.51,2.20), Q5:( 1.02,1.54,1.68). 

(a) (b) (c)

4 5 6 7 8 9 10
-2

-1

0

1

2

3

4

 001

 VREV  (V)
 0.4
 0.8
 1.2
 1.6
 2.0

J T (
Lo

g 10
[A

/c
m

2 ])

WT (nm)

 011
 111

3 4 5 6 7 8 9 10
0.00

0.04

0.08

0.12

0.16

S
E

N
S

IT
IV

IT
Y

 o
f W

T to
 N

b0

ZERO BIAS DEPLETION WIDTH

 V=0.5
 V=1.0
 V=1.5
 V=2.0

Orien. mT JT0 @ 0.8V 

(A/cm2) 

JT0 @ 1.6V 

(A/cm2) 

001 0.21 2.2e6 1.4e7 
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Table 3: Efective mass (afer-
aged over voltage segments) 
and current density prefactor 
at two applied voltages, for 
the 001, 001 and 111 tunnel-
ing directions, based on the 
data of Fig. 11. 

Fig. 10: Relative sensitivity of 
effective tunneling distance to 
changes in Nb0 at a constant 
zero-bias depletion width. 

Fig. 11: Tunneling current at a 
constant applied voltage vs. 
effective tunneling distance 
for 001, 011 and 111 tunneling 
directions. 


