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A systematic study on silicon native oxides grown in ambient air at room temperature is carried out

using ballistic electron emission microscopy. The electronic barrier height of Au/native oxide was

directly measured for native oxides at different oxidation stages. While the ballistic electron

transmission decreases with increasing oxidation time, the electronic barrier height remains the

same, even after oxidation for 1 week. After oxidation for 26 months, the oxide layer showed the

bulk-like SiO2 barrier; however, some local areas still show the same barrier height as that of an

Au/n-Si device. This demonstrates the non-uniformity of native oxide growth. VC 2012 American
Institute of Physics. [http://dx.doi.org/10.1063/1.3693556]

I. INTRODUCTION

Native oxide grown in ambient air at room temperature

on hydrofluoric acid (HF)-etched Si has been studied by sev-

eral groups using a variety of techniques.1–4 Morita et al.1–3

reported a layer-by-layer growth of native oxides on Si in air

at room temperature. They showed that native oxide grown

in this way had thickness of about 5.6 and 6.7 Å after 4 days

and 1 week, respectively. Grundner et al.4 investigated the

native oxide grown in air spanning from a few hours to one

year. They found that the native oxide was only about one

monolayer after 3 h and about 9 Å after 2 weeks and reached

a limiting thickness of �1.4 nm after 1 year. Transmission

electron microscopy studies by Muller et al.5 estimated the

minimum thickness for an ideal SiO2 gate oxide to be around

7 Å by studying the electronic properties of the suboxide

using electron energy loss spectroscopy. The preceding stud-

ies did not study the non-uniformity of the native oxide

growth on the nanoscale. To investigate the oxide properties

on the nanoscale, scanning probe microscope–based techni-

ques can be very useful, owing to their high spatial resolu-

tion. Studies on relatively thick SiO2 layers with ballistic

electron emission microscopy (BEEM) and conductive

atomic force microscopy were reported.6–9 However, there

are no extensive studies on the native oxide with these tech-

niques yet. In addition, there is a lack of direct measurement

of the electronic barrier heights of the native oxides.

In this article, we carry out a systematic study on the

native oxides grown in ambient air at room temperature.

More specifically, we determine the electronic barriers of the

native oxides at different growth stages and the possible

non-uniformity on the nanoscale using BEEM.10 BEEM, a

technique based on scanning tunneling microscopy (STM),

injects electrons from a negatively biased tip into a grounded

metal thin film. After transport in the metal film, a fraction

of the electrons can reach the metal/semiconductor interface

without losing significant energy. The electrons with ener-

gies above the interface barrier height have a finite probabil-

ity to reach the semiconductor substrate and are collected as

BEEM current. By measuring the spectrum of the BEEM

current versus tip bias, the interface barrier height can be

determined by fitting the spectrum with a theoretical

model.10 For a metal/dielectric/semiconductor device, the

extracted barrier height is the difference between the Fermi

level of the metal base and the conduction band minimum of

the dielectric.

II. EXPERIMENTAL

Three of the native oxide samples were prepared on n-type

Si(100) (3� 1015 cm� 3 phosphorous-doped) substrate. The

substrates were first cleaned with acetone and isopropanol and

then etched with buffered hydrofluoric (BHF) acid. The sub-

strates were then dipped in de-ionized water for 2 s and finally

blown with dry N2. After these cleaning procedures, the sub-

strates were left in ambient air (temperature: �24.5 �C; relative

humidity: 55%) for different durations: �10 min (fresh

sample), 3 days, and 1 week. Another native oxide sample was

prepared on n-type Si(111) substrate (3� 1015 cm� 3 phospho-

rous-doped) in the same way as the other samples and left in air

for about 26 months.

For the fresh, 3-day, and 1-week samples, the BEEM

measurements were performed with ex situ Au deposition. A

Au film with thickness of 7 nm and diameter of 0.5 mm was

first thermally evaporated onto these samples. The samples

were then transferred through air into the UHV STM/BEEM

system. BEEM measurements of the sample after 26 months

were performed with in situ Au deposition. This sample was

degassed in the UHV preparation chamber at �355 �C for

about 20 min. A 7-nm layer of Au was then deposited

at room temperature. The BEEM measurements were alla)Electronic mail: cedric-t@imre.a-star.edu.sg.
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carried out with a W tip at room temperature and with a neg-

ative tip bias.

III. RESULTS AND DISCUSSIONS

Figure 1(a) shows representative spectra of the three

Au/native oxide/n-Si(100) samples left in air for different

durations: the freshly etched, 3-days, and 1-week samples.

The near-threshold region of a BEEM spectrum can be well

described by the Bell-Kaiser model, which was developed

based on STM planar tunneling theory.10 The Bell-Kaiser

model can model BEEM spectrum acquired at either con-

stant tunneling gap or constant tunneling current condition.11

Simplification of this model results in a square model, which

shows that the BEEM current in the near-threshold region

increases quadratically with the tip bias.10 However, there is

usually a difference between the barrier heights extracted

from the full Bell-Kaiser model and its simplified square

model. Here, we choose to use the full Bell-Kaiser model at

constant current condition.11 The fittings of these three spec-

tra with this model with a fitting range of 0.2 eV gave almost

the same barrier heights (0.84, 0.84, and 0.83 eV, respec-

tively). This means that the high barrier of Au/SiO2 had not

yet formed, suggesting that no significantly thick native ox-

ide layer had yet formed. On the other hand, the BEEM cur-

rent for the sample left in air for 3 days decreased to only

50% of that of the fresh Au/n-Si sample and the decrease in

the BEEM current for the sample left in air for 1 week was

much greater, about 90%.

According to the work of Morita et al.1–3 and Grundner

et al.,4 the thickness of the native oxide layer of the sample

left in air for 3 days was likely to be about 3–5 Å and that for

the one left in air for 1 week about 6–8 Å. The barrier heights

for the two samples were the same as that of Au/n-Si. Our

results show that the oxides in this thickness range (6–8 Å

or less) did not have the same electronic barrier as the bulk

SiO2. Similar findings have been reported on ultrathin high-

dielectric-constant materials, and the underlying mechanisms

were discussed in Ref. 11.

To have a better overview, the histograms of the BEEM

images taken at VTip¼ –1.5 V, It¼ 1 nA for all the samples

are plotted in Fig. 1(b). All these distributions have a small

percentage of pixels peaking around zero with no or extremely

small BEEM current. This is also true for the freshly etched Si

sample. It is very unlikely that this was due to the local forma-

tion of thick native oxide. In fact, if so, the total areas under

the curves should increase with the oxidation time, which is

not the case. For the majority of locations, the three distribu-

tions peak around 18, 11, and 4–5 pA, respectively, for the

three increasing oxidation times. The spectra shown in Fig.

1(a) were just examples taken at these locations. Spectra

acquired randomly at these locations gave almost the same

barrier height, while the BEEM currents varied within these

distributions. The overall decrease in the BEEM current with

increasing oxidation time is an indication that the native oxide

was growing, even though the thickness was not thick enough

to produce a bulk-like barrier.

In the preceding discussion, we showed that a layer

of native oxide of 6–8 Å or less does not exhibit a bulk-like

barrier. As one would expect, when the oxidation increases,

the native oxide eventually becomes thick enough to provide

a bulk-like barrier. Now we discuss the BEEM measure-

ments of the sample that was left in air for �26 months for

the native oxide to grow after the BHF etch.

Imaging this sample at VTip¼ –1.5 V and It¼ 1 nA did

not reveal any obvious BEEM current. This indicates that the

native oxide was much thicker than those on the samples pre-

viously discussed. Therefore, we chose to scan at a much

higher tip bias. Typical STM and BEEM images acquired at

VTip¼ –6.5 V and It¼ 1 nA are shown in Figs. 2(a) and 2(b),

respectively. Clear contrast is present in the BEEM image,

with some bright (high BEEM current) areas, as indicated by

red arrows.

Several types of BEEM spectra were observed for this

sample, as shown in Fig. 3. Figure 3(a) is a spectrum taken at

It¼ 2 nA in the bright areas, as indicated by the red arrows in

Fig. 2(b). Two thresholds of around 0.8 and 4 eV appear in

this spectrum. The BEEM current between these two thresh-

olds seems to be roughly linear. Similar spectra were observed

on a Pt/2.7-nm SiO2/n-Si(100) sample by Ludeke et al.6 and a

10-nm Au/1-nm SiO2/n-Si(100) sample by Quattropani et al.7

FIG. 1. (Color online) (a) Typical BEEM spectra from Au/native oxide/n-

Si(100) samples grown for different durations: freshly etched, 3 days, and 1

week. All the spectra were normalized to a tunneling current of It¼ 1 nA.

The fittings (solid lines) with the constant current Bell-Kaiser model gave

the barrier heights of 0.84, 0.84, and 0.83 eV, respectively. (b) The histo-

grams of the BEEM images taken at VTip¼ –1.5 V, It¼ 1 nA from the three

samples in (a).
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Ludeke et al.6 excluded the possibility of direct Pt/n-Si con-

tact because of the relatively small BEEM current that they

observed; however, they mentioned the possibility of either

thinner oxide underneath or impurities embedded in the oxide.

In addition, their lower threshold was about 1.1 eV, which is

higher than what we observed (as shown later). Quattropani

et al.7 did not give the value of the lower threshold for the

spectra with linear BEEM current below the high threshold,

but they argued that electron tunneling through the oxide bar-

rier was unlikely, since they observed a linear increase in the

BEEM current instead of the exponential increase. They did

sometimes, but very rarely, observe some spectra showing a

low threshold of �0.9 eV, and they attributed such observa-

tions to the local absence of the oxide layer.

To clarify the observed behavior, BEEM spectra were

acquired at a much higher tunneling current. Figure 3(b)

shows an average of six BEEM spectra taken at It¼ 10 nA at

the same location as for Fig. 3(a). Fitting with the constant-

current Bell-Kaiser model gave a barrier height of 0.83 eV,

which is the same as that of Au/n-Si and also that of those

native oxide samples left in air for 3 days and 1 week. This

again means that the oxide layer at these locations was

still not thick enough. On the other hand, the considerably

FIG. 2. (Color online) (a) Typical STM (color scale: 3.5 nm) and (b) corre-

sponding BEEM (color scale: 0–30 pA) images from the Au/native oxide

(26 months)/n-Si sample. The images were taken at VTip¼ –6.5 V, It¼ 1

nA. The red arrows in (b) indicate the areas with some relatively high

BEEM current, which will be used as the markers in the discussion later.

FIG. 3. (Color online) Three types of BEEM spectra from Au/native oxide

(26 months)/n-Si: (a) one spectrum taken at It¼ 2 nA from the areas with

high BEEM current, like the ones indicated by the red arrows in Fig. 2(b),

(b) another spectrum taken at It¼ 10 nA from the same areas as those men-

tioned in (a), (c) another spectrum taken at It¼ 4 nA from the areas with rel-

atively low BEEM current. The fitting (solid line) of the spectrum (b) gave a

barrier height of �0.83 eV. The fitting (solid line) of the spectrum (c) gave a

barrier height of �4.0 eV.
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smaller BEEM current compared with that of the Au/n-Si de-

vice and even that of the native oxide samples discussed ear-

lier indicates that the oxide layer in these areas was very

likely thicker than the layers oxidized for 3 days and 1 week.

In other words, it is very unlikely that these areas were in

direct Au/n-Si contact; instead, it is likely that the oxide

layer was thicker than 6–8 Å, but thinner than 1.4 nm. These

areas still do not produce the bulk SiO2-like dielectric

properties.

A typical BEEM spectrum (an average of six spectra

taken at It¼ 4 nA) in the darker areas in Fig. 2(b) is shown in

Fig. 3(c). Due to the small signal-to-noise ratio, we used our

proposed BEEM model12 or the simplified square model to

extract the barrier height. Fitting with either of these two mod-

els gave the same barrier height of �4.0 eV, which is the

same as that of Au/SiO2.7 This suggests that the oxide layer in

these areas was already thick enough to have the bulk-like

electronic barrier. The native oxides in these areas had prob-

ably reached the limiting thickness of �1.4 nm.4 It is known

that the rate of thermal oxidation of silicon is surface

orientation–dependent, with the oxidation rate of Si(111)

being larger than that of Si(100).13,14 This orientation depend-

ence of the oxidation rate in the early oxidation stage is

closely related to the areal density of Si atoms.13,14 The infor-

mation on the orientation dependence of the native oxide

growth, however, is very limited. Morita et al.1–3 showed that

the growth of the native oxide on Si requires the coexistence

of oxygen and moisture. After the native oxide reaches the

limiting thickness, the oxidation effectively stops, mainly due

to the extremely small diffusion coefficient of O2 in SiO2 at

room temperature.15 Therefore, the limiting oxide thickness

after a significantly long period should reach almost the same

thickness for both the Si(111) and Si(100) substrates.

IV. CONCLUSION

In summary, a systematic study of native oxide at differ-

ent oxidation stages was performed, employing ballistic elec-

tron emission spectroscopy. For the native oxides grown in

air for 1 week or less, the measured barrier heights were all

the same as that of an Au/n-Si device (�0.83 eV). For

the native oxide sample oxidized in air for 26 months, we

found two types of areas with barrier heights of �0.83 and

�4.0 eV. The areas with barrier heights of �4.0 eV shows a

bulk-like barrier and are likely to have a native oxide layer

of �1.4 nm, while the areas with barrier heights of �0.83 eV

are likely to have a native oxide thickness slightly greater

than 6–8 Å, but less than 1.4 nm. Our results also show that

the native oxide growth is not uniform on the nanoscale,

even though the overall native oxide thickness increases with

oxidation time. This also suggests that the thickness inferred

by other studies was the average thickness on a large spatial

scale.1–4

ACKNOWLEDGMENTS

This work was supported by Singapore University of

Technology and Design under Grant SRG ASPE 2010 004.

1M. Morita, T. Ohmi, E. Hasegawa, M. Kawakami, and K. Suma, Appl.

Phys. Lett. 55, 562 (1989).
2M. Morita, T. Ohmi, E. Hasegawa, M. Kawakami, and M. Ohwada, J.

Appl. Phys. 68, 1272 (1990).
3M. Morita and T. Ohmi, Jpn. J. Appl. Phys. 33, 370 (1994).
4M. Grundner and H. Jacob, Appl. Phys. A 39, 73 (1986).
5D. A. Muller, T. Sorsch, S. Moccio, F. H. Baumann, K. Evans-Lutterodt,

and G. Timp, Nature 399, 758 (1999).
6R. Ludeke, A. Bauer, and E. Cartier, J. Vac. Sci. Technol. B 13, 1830

(1995).
7L. Quattropani,I. Maggio-Aprile, P. Niedermann, and Ø. Fischer. Phys.

Rev. B 57, 6624 (1998).
8M. Porti, M. Nafria, X. Aymerich, A. Olbrich, and B. Ebersberger, J.

Appl. Phys. 91, 2071 (2002).
9P. Fiorenza, W. Polspoel, and W. Vandervorst, Appl. Phys. Lett. 88,

222104 (2006).
10L. D. Bell and W. J. Kaiser, Phys. Rev. Lett. 61, 2368 (1988).
11H. L. Qin, K. E. J. Goh, M. Bosman, K. L. Pey, and C. Troadec, J. Appl.

Phys. 111, 013701 (2012).
12H. L. Qin, C. Troadec, K. E. J. Goh, K. Kakushima, H. Iwai, M. Bosman,

and K. L. Pey, J. Vac. Sci. Technol. B 29, 052201 (2011).
13E. A. Irene, H. Z. Massoud, and E. Tierney, J. Electrochem. Soc. 133,

1253 (1986).
14E. A. Lewis and E. A. Irene, J. Electrochem. Soc. 134, 2332 (1987).
15D. A. Neamen, An Introduction to Semiconductor Devices (McGraw-Hill,

2006).

054111-4 Qin et al. J. Appl. Phys. 111, 054111 (2012)

Downloaded 12 Dec 2012 to 155.69.4.4. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1063/1.102435
http://dx.doi.org/10.1063/1.102435
http://dx.doi.org/10.1063/1.347181
http://dx.doi.org/10.1063/1.347181
http://dx.doi.org/10.1143/JJAP.33.370
http://dx.doi.org/10.1007/BF00616822
http://dx.doi.org/10.1038/21602
http://dx.doi.org/10.1116/1.587821
http://dx.doi.org/10.1063/1.1430542
http://dx.doi.org/10.1063/1.1430542
http://dx.doi.org/10.1063/1.2208370
http://dx.doi.org/10.1103/PhysRevLett.61.2368
http://dx.doi.org/10.1063/1.3672698
http://dx.doi.org/10.1063/1.3672698
http://dx.doi.org/10.1116/1.3622296
http://dx.doi.org/10.1149/1.2108829
http://dx.doi.org/10.1149/1.2100881

