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1. Introduction

Nanoscale potential fluctuations in semiconductor de-
vices by interface charges and impurity atoms can lead to
deteriorating the performance of small devices. Thus, char-
acterization of the electrostatic potential and sub-surface
charge distribution in modern Si devices at an atomic scale
is an essential issue. While images of individual dopant
atoms were demonstrated on ideal, atomically flat Si sur-
faces by probe microscopy techniques,[1-3] quantitative
measurements of potential profiles on device cross sections
are still significant challenges.

In this paper, we investigated variation of contact po-
tential difference (CPD) voltage across p-n junctions on
oxygen-passivated Si(110) surfaces by a scanning mul-
ti-mode tunneling spectroscopy, which can detect
tip-surface force simultaneously with the tunneling current.
Here, we develop a scanning tunneling microscope (STM)
mode, in which the tip-sample gap is adjusted to reduce
short-range interactions by maintaining the tunneling cur-
rent at a specified bias voltage, thus, improving the sensi-
tivity to electrostatic force. We show that the CPD voltage,
derived from force gradient - bias voltage curves, agrees
with the expected build-in potential across the p-n junction
when the optimal tip-sample gap is maintained. The CPD
voltage showed a standard deviation of ~30 mV on atomi-
cally flat terraces. Larger fluctuations were observed aris-
ing from structural and charge variations on the surface.

2. Results and Discussion
Principle of CPD measurement in STM mode

For passivated Si surfaces, the applied voltage V) is
shared between the vacuum gap (V,,,) and the band bend-
ing region (V) beneath the surface in the constant tunnel-
ing current mode as illustrated in Fig. 1(a).[4] For the ap-
plied voltage V), the electrostatic force gradient between
the probe tip and the sample is expressed as:
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where C is the effective tip-sample capacitance, and Z is the
tip-sample gap. Since a CPD voltage originates from the
difference in work function of the probe tip (@,, ) and the
Fermi energy of underlying Si (Er), the minimum of the
force gradient occurs when

Vo =CPD= (EF_¢M) (2)

as illustrated in Fig.1 (b). Thus, it is an effective method to
monitor variation of the Fermi energy across p-n junctions.
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In our measurements, the force gradient is detected as a
shift of the resonance frequency (Af ) of a quartz oscilla-
tor,[2] when a sharp metal probe attached to the oscillator
vibrates normal to the surface with amplitude of 0.3 nm at a
resonance frequency of ~1 MHz. A (Af - V}) spectrum was
measured by sweeping the bias voltage (V) while holding
the mean gap width. The CPD voltage was derived from a
fit of the spectrum to Eq.1 as illustrated in Fig.2 (b).
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Fig. 1
probe (M) and n-Si under a bias voltage V, corresponding to the

Energy diagrams of STM junction between a metal

STM mode (a) and a minimum of the force gradient (b).
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Fig. 2 Current-Z and Af -Z spectra under Vy=2 V (a) and
Af -V, spectra taken at different gap distances (b) measured on

oxide:Si(111) (a)
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an oxidized Si(111) surface. Lines are fits to Eq.1.

Figure 2 shows adjustment of the tip-sample gap to en-
hance sensitivity to electrostatic force while minimizing
short-range chemical interaction. When the gap maintained
a mean tunneling current of 30 pA at a bias voltage of 2.0 V,
attractive electrostatic force caused the largest negative
shift of the frequency and prevailed over short-range repul-
sive forces as seen in Fig. 2(a). At the optimum distance the
steepest curvature of the Af - V; spectrum was observed in
Fig. 2(b), curve 2. At a smaller gap, curve 1, the repulsive
forces obstructed the CPD measurements.

CPD measurements on p-n junction cross sections

Samples with p-n junctions were prepared according to
the normal CMOS fabrication process described in Ref. [5]
where antimony ions were implanted to a peak concentra-
tion of ~5x10" /cm® into a p-Si(001) substrate (1x10"" /em®,



boron). Cross-sectional surfaces were prepared by polishing
to expose (110) surfaces, and were passivated by ultra-thin
oxide layers grown at ~600°C under an O, pressure of
3x107 Pa following etch-cleaning in HF:HCI (1:19). [6]
For comparison, samples with atomically flat terraces were
prepared from a Si(111) wafer by flash-anneal to ~1200°C
in an ultra-high vacuum (~4x107 Pa) prior to oxidation. To
reduce trap density in the oxide, the samples were annealed
in a mixture of N, : H, (95%: 5%) at 450 C and a pressure
of ~1 Pa for 30 min. The measurements were done in vac-
uum at room temperature and the dark conditions.
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Fig. 3 Sample structure (top), STM topograph (middle) and
corresponding map of the CPD voltage (bottom) for the oxidized
cross section of Si p-n junctions. The grayscale is 4 nm. The cross
section area is 400 x 70 nm?. Circles outline a surface defect.

Figure 3 shows typical STM topograph of the p-n junc-
tion surface acquired with a mean tunneling current of 30
pA at 2.0 V. A black trench used to navigate to the im-
planted region edge at X = 0 nm. Black spots are small
surface holes of ~1 nm in depth.
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Fig. 4 Line profiles (symbols) of the CPD voltage across the p-n
junction, and a simulated profile of the build-in potential (line).

For the optimized gap a CPD map was obtained by fit-
ting an array of the spectra taken in the surface area with a
spacing of 4 nm. The CPD map in Fig.3 and line profiles in
Fig.4 show gradual change in the CPD voltage from -0.35
V in n-Si at a depth of 50 nm to about +0.40 V in p-Si at
140 nm. Similar profiles were obtained with 3 different
probe tips. The measured CPD profiles well agree with the
build-in potential profile simulated for a dopant distribution
derived from SIMS data and ¢,, = 4.5 eV. The deviation
of the CPD voltage from the simulated values in n-Si is
attributed to contribution of long-range electrostatic forces

-999-

between the STM probe and neighboring p-Si regions, so

called the patch potentlal effect [7]
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Fig. 5 Line profiles of the CPD voltage (symbols) and the height
(line) as a function of position on the oxidized Si(111) surface.

Origin of CPD fluctuations on atomically flat terraces

To elucidate origin of fluctuations in the CPD voltage
seen in Figs. 3 and 4, the CPD voltages were measured on
surfaces with atomically flat terraces. Figure 5 shows a line
profile of CPD voltage measured with a spacing of 2 nm
along the atomic terrace on the oxidized Si(111) surface. A
small structure of ~4 nm in size is resolved in the CPD pro-
file at ~190 nm. We see in addition to a standard deviation
of 30 mV, ‘spikes’ of ~80 mV and a variation of ~100 mV
in the CPD voltage across the atomic step due to dipole
moments at the surface steps.[3] These account for scatter-
ing of the CPD voltage in the p-n junction region at a posi-
tion of 20 - 140 nm in Fig.4. Large fluctuations in the CPD
value correlate with some surface defects as outlined by
circles in Fig.3, suggesting the effect of variation in gap
width and oxide thickness on the effective probe-sample
interaction.

3. Conclusions

Measurements of the CPD voltage in STM mode was
demonstrated on oxidized Si(110) surfaces of p-n junction
cross sections. The observed CPD voltage agrees with the
expected build-in potential across the p-n junction. Scatter-
ing of the CPD voltage is attributed in part to the effects of
the surface morphology. The results show the ability of the
CPD measurement for local characterization of small
CMOS and nanowires devices.
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