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Oxide Roughness Effect on Tunneling
Current of MOS Diodes

B.-C. Hsu, Student Member, IEEE, K.-F. Chen, C.-C. Lai, S. W. Lee, and C. W. Liu, Senior Member, IEEE

Abstract—Two-dimensional (2-D) device simulation is used
to investigate the tunneling current of metal ultra-thin-oxide
silicon tunneling diodes with different oxide roughness. With the
conformal nature of ultrathin oxide, the tunneling current density
is simulated in both direct tunneling and Fowler–Nordheim (FN)
tunneling regimes with different oxide roughness. The results
show that oxide roughness dramatically enhances the tunneling
current density and the 2-D electrical effect is responsible for
this increment of tunneling current density. Furthermore, a set
of devices with controlled oxide roughness is fabricated to verify
the simulation results and our model qualitatively agrees with the
experiment results.

Index Terms—Device simulation, metal–oxide–silicon diode
(MOS), roughness, tunneling current.

I. INTRODUCTION

T HE scaling of metal–oxide–semiconductor (MOS) tran-
sistors requires the gate oxide thickness to be less than

3 nm. For this ultrathin oxide, the oxide roughness is no longer
negligible, and has a significant effect on gate current. Sev-
eral groups have reported that the oxide roughness have ef-
fects on device characteristics in many ways, such as degrading
MOSFET channel mobility [1], lowering the reliability of the
gate insulator [2], [3], and increasing the gate tunneling current
[3]. However, the oxide thickness studied in these papers [1]–[3]
is too thick (4.1 nm–25 nm) and the tunneling current is focused
on the Fowler–Nordheim (FN) tunneling regime. Recently, our
group reported that the oxide roughness enhances the electrolu-
minescence from NMOS tunneling diodes [4], and increases the
oxide reliability during electrical stress [5]. For ultrathin oxide
( 1.6 nm), Tinget al. [6] have studied the interface roughness
effect on the tunneling gate current in MOS tunneling structures,
the roughness model used in this study [6], [7] assumes that the
SiO /Si interface roughness would induce a nonuniform distri-
bution of oxide thickness with flat oxide surface [see Fig. 1(a)].
However, the assumption is not correct. Zafaret al. [8] have
reported that the oxide films will grow conformally over the
roughened Si surface at least for the first 5 nm [see Fig. 1(b)].
Other reports also indicated that the surfaces of oxide films
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grown at high temperatures have a surface morphology similar
to that of the original substrate [9]. Furthermore, the Si/oxide
interface under controlled oxidation conditions has showed the
same surface morphology as original substrates [10]–[12]. In
this paper, we confirm that the ultrathin gate oxide (3 nm)
is growth conformally, and the commercial two-dimensional
(2-D) device simulator, MEDICI [13], is used to simulate the de-
vice characteristics. Furthermore, a set of devices is fabricated
to verify the simulation results. The surface roughness is con-
trolled by the very high vacuum (VHV) pre-bake and the oxide
surface morphology is measured by atomic force microscope
(AFM).

II. EXPERIMENTS AND DEVICE SIMULATION DETAILS

A. Experiments

The ultrathin gate oxide is grown by rapid thermal oxidation
on 1 10 -cm n-type wafers at 800 850 C. The gas flows
are 500 sccm nitrogen and 500 sccm oxygen at a reduced pres-
sure. For rough oxide growth, the Si substrate is prebaked in
VHV ( torr) at 1000 C for 2 min after HF dip, while
the flat oxide has no such VHV prebake. Note this VHV pre-
bake should yield a clean Si surface [14]. The oxide growth is
conducted after the hydrogen bake, which creates hydrogen pas-
sivated surface, and subsequently nitrogen post-oxide-anneal
(POA) is performed at 900C for 10 min. The oxide thickness
is measured by ellipsometry and the surface roughness is mea-
sured by AFM. The Si/oxide interface roughness was also mea-
sured by AFM by using HF to remove the oxide. The PMOS
tunneling diodes had Al gate electrodes with circular areas of

cm defined by photolithography.

B. Rough Oxide Model

MEDICI [13] is used in the 2-D device simulation. The con-
formal ultrathin oxide is modeled on an n-type Si substrate. The
oxide model is given in Fig. 1(d). The tiny steps indicate atomic
discontinuity at oxide surface and interface. The substrate is
n-type with a doping concentration of cm . The ultra-
thin oxide has equal thickness in the vertical direction and the
roughness morphology is simply described by two parameters,

and . is the roughness variation on the oxide surface and
interface, and is the distance between two peaks on surface,
or the roughness period. After defining the oxide morphology,
300-nm aluminum gate is defined as the gate electrode.

C. Gate Current Models

When analyzing the direct tunneling current density,
MEDICI [13] computes the net tunneling current density due
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Fig. 1. Different oxide models: (a) is used by Suneet al. ([7]); (b) is used
by Zafaret al. ([8]); (c) the electric field of a flat MOS structure; and (d) the
illustration of (2-D) electrical effect in the rough oxide. The electric field is not
along the growth direction. TheH represents the roughness height (nm) andT

represents the roughness period (nm).

to electrons tunneling from the conduction and valence band
of a semiconductor or electrode, through an insulator, into
the conduction band of another semiconductor or electrode.
During the simulation process, the tunneling path where the
tunneling current occurs is determined by locating the closest
point on the opposing boundary. This simplification allows the
Wentzel–Kramers–Brillouin (WKB)-type calculation in the
device simulator. The tunneling model in MEDICI [13], [15]
combines both the direct tunneling regime and the FN regime.
The net tunneling current across the insulator is calculated using
the independent electron approximation and the conduction
band electron tunneling (CBET) current is given by [16]

(1)

where the integral is over the kinetic energyof the incident
electrons. and are the electron quasi-Fermi
level, the conduction band edge, and the electron effective
tunneling mass of silicon substrate, respectively. and

are the corresponding electron quasi-Fermi level and
conduction band edge in gate electrode. The endpoint of the
integration is determined by the barrier height . is the
electron charge, is Planck’s constant, is the thermal
energy, and TC is the tunneling coefficient of an electron with
energy . To obtain sufficient accuracy, the Gundlach formula
is used to calculate exact tunneling coefficient of a trapezoidal
barrier [17]. During the simulation, the simulator calculates the
electric field and potential for every node and automatically
computes the tunneling current density at each node through the
shortest path. To confirm the simulation accuracy, the structures
with the same roughness conditions and oxide thickness but

different device lengths (numbers of periods) were simulated.
The results show that the tunneling current density is proportion
to the number of periods, which indicates that the mechanism
of tunneling through the shortest path is taking place in each
period. Therefore the total current density can be obtained by
multiplying the number of periods to the current density of the
device with one period. Note that the gate current model used
for simulation did not consider the complete quantum effects
since we have no idea to do the 2–D QM simulation.

III. RESULTS AND DISCUSSION

A. Experiment Results

The correlation between oxide surface roughness and
oxide/Si interface roughness can be found in [18, Fig. 7]
(not shown here). The interface roughness is measured by
AFM right after HF dip. The slope close to unity indicates
the conformal growth of oxide, which agrees with the results
reported by Tsaiet al.[19]. In this paper, the roughness value is
calculated from AFM measurement program and is defined as
the coordinate average value of the surface roughness within
the area being analyzed

Roughness (2)

where

Fig. 2 shows the TEM cross section photo of the MOS diode
with rough oxide/Si surface. The photo also shows that the oxide
is conformal. However, the small roughness with small period
( nm) cannot be distinguished from the TEM photo due to
the resolution limit and the sample thickness. The TEM image
is a projection along the TEM sample thickness (100 nm), and
the small period of roughness is smeared out.

Fig. 3 shows the current–voltage ( ) characteristics of the
PMOS tunneling diodes with rough and smooth oxide under
accumulation bias (positive voltage at the gate). Note that the
transport mechanism of inversion current is given in [20]. The
device with a rough oxide (roughness nm) has a larger
gate tunneling current as compared to the device with a smooth
oxide (roughness nm). Both devices have the similar
oxide thickness of 2.8 nm, measured from ellipsometry. Both di-
rect and FN tunneling current increases for the rough oxide, and
the changes of accumulation current between these two diodes
is more significant in the direct tunneling region than in the FN
tunneling region. This feature is quite different from the simu-
lation results of Tinget al. [6], where the accumulation current
continuously increases in the DT region but first increases and
then decreases in the FN tunneling region as interface roughness
increases. The discrepancy may be due to the incorrect oxide
model [see Fig. 1(a)] used in Ting’s work. This feature is not due
to series resistance effect, since the substrate doping increases
to 10 cm , the phenomenon is still observed in simulation.
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Fig. 2. TEM photo of a rough oxide prepared by VHV prebake.

Fig. 3. I�V characteristics of the PMOS tunneling diodes with rough and
smooth interfaces under positive gate bias withT = 2:8 nm.

B. Simulation Results and Discussion

The simulated curves for MOS tunneling diodes with
different interface roughness characterized by the value of
are shown in Fig. 4. The roughness periodis fixed to 1 nm.
For comparison, we also include a reference structure with a
smooth interface . The conformal oxide thickness used
in the simulation is 2.5 nm, which is obtained by fitting the
curve of the flat device in Fig. 3 with . The inset of Fig. 4
shows the fitting results. Note that the oxide roughness model
used in the 2–D simulation is described as two parametersand

, and assumed no roughness in the third direction. However,
the true device has three dimensions and the three-dimensional

Fig. 4. SimulatedI�V characteristics for PMOS tunneling diodes with
different oxide roughness(H). The inset shows the fitting between the
simulation curve (H = 0; T = 2:5 nm) and experiment data.

(3-D) electrical effect will be more complicated than the 2-D
electrical effect we discussed. Therefore, theand values of
a device cannot be fully determined from the AFM pictures even
if we have all the surface roughness information down to the
angstrom resolution and statistically average all the data points.
All of these effects lead to the error between the experiment data
and simulation curve in Fig. 4.

From Fig. 4, the gate tunneling current density increases sig-
nificantly with increasing . Fig. 5 shows the gate current den-
sity ratio versus different roughness conditions characterized by
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Fig. 5. Gate current density ratio versus different oxide roughness(H).

the roughness height, . The gate current density ratio is de-
fined as the ratio of the gate tunneling current density of a rough
device to that of a flat device . The gate current density
ratio in the DT regime ( V) is more sensitive to oxide
roughness and reaches23 for nm. In FN tunneling
region ( V), the ratio is only 11 for nm. The
large effective area on the rough oxide could be responsible to
the gate current density increase. However, the effective area
ratio of rough oxide to smooth oxide is calculated to be about
1.56 for nm and nm. This number is too small
to explain the large gate current density ratio.

Fig. 1(c) and (d) illustrates the simulated electric field of the
devices with flat and rough oxides, respectively. The vectors
represent the direction and magnitude of electric field within
a period. For a flat oxide [see Fig. 1(c)], the electric field is
one-dimensional (1-D) and is along the growth direction (di-
rection). However, when the interface is no longer smooth [see
Fig. 1(d)], both the shortest distance between the oxide surface
and oxide/Si interface and the electric field are no longer along
the growth direction, which means that the electric field has a
component in the direction. This 2-D electric field will cause
electrons tunneling through the oxide by the shortest paths 2
and 3, not path 1. Therefore, the maximum electrical field in the
rough oxide increases as the roughness increases, and its
direction is no longer along the growth direction. The 2-D elec-
trical effect is responsible for the large gate current density ratio,
since the gate current density is a strong function of electrical
field in the 1-D model.

The gate tunneling current density ratio versus different
roughness period is shown in Fig. 6 with nm.
The ratio is larger in the direct tunneling regime ( V),
as compared to FN tunneling region. The gate current density
ratio decreases as increases, since the large indicates
smooth surface.

Fig. 7 shows the simulated gate current density ratio versus
the oxide thickness. The simulated roughness heightis 0.4 nm
and roughness period is 1 and 2 nm, respectively. As the
conformal oxide thickness increases, the gate current density
ratio first increases and then decreases slightly. For devices with

nm, the trend is not obvious since the roughness is small

Fig. 6. Gate current density ratio versus the roughness period(T ).

Fig. 7. Gate current density ratio versus the oxide thickness.

Fig. 8. Schematics of the short distance for (a) thick, (b) moderate, and (c) thin
oxide.

as compared to the devices with the same oxide thickness but
nm. This can be explained by the shortest distance argu-

ment (see Fig. 8). The relative decrement of shortest distance be-
tween oxide surface and interface is small for thin oxide; while
only beyond some moderate oxide thickness, the relative decre-
ment is effective.
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IV. CONCLUSION

A simple but relatively accurate oxide model is used in the
gate tunneling current density simulation. The oxide model is
based on conformal nature of oxide growth. With the roughness
height parameter and roughness period parameter , the
gate tunneling current density can be investigated by a 2-D de-
vice simulator. Due to the 2-D electrical effect, the increasing
roughness height with fixed roughness period can significantly
increase the gate tunneling current, and for a given roughness
height, the current increases first and drops a little as the period
parameter increases. Our model qualitatively agrees with the ex-
periment results. Due to the randomness nature of oxide rough-
ness, the accurate modeling of the gate current is very compli-
cated.
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