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The electrical quality of functionalized, oxide-free silicon surfaces is critical for chemical sensing,

photovoltaics, and molecular electronics applications. In contrast to Si/SiO2 interfaces, the density of

interface states (Dit) cannot be reduced by high temperature annealing because organic layers

decompose above 300 �C. While a reasonable Dit is achieved on functionalized atomically flat

Si(111) surfaces, it has been challenging to develop successful chemical treatments for the

technologically relevant Si(100) surfaces. We demonstrate here that recent advances in the chemical

preparation of quasi-atomically-flat, H-terminated Si(100) surfaces lead to a marked suppression of

electronic states of functionalized surfaces. Using a non-invasive conductance-voltage method to

study functionalized Si(100) surfaces with varying roughness, a Dit as low as 2.5� 1011 cm�2eV�1 is

obtained for the quasi-atomically-flat surfaces, in contrast to >7� 1011 cm�2eV�1 on atomically

rough Si(100) surfaces. The interfacial quality of the organic/quasi-atomically-flat Si(100) interface

is very close to that obtained on organic/atomically flat Si(111) surfaces, opening the door to

applications previously thought to be restricted to Si(111). VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4883367]

Modern VLSI circuits are fabricated almost exclusively

on Si(100) wafers, because near-ideal semiconductor-insu-

lator interfaces can be fabricated by high-temperature oxi-

dation and post-annealing treatments. Even atomically thin

Si(100)/SiO2 interfaces are near-perfect,1 and production

devices2 routinely achieve electronic defect densities Dit

below 1010 cm�2eV�1—less than one defect per 10 000 sur-

face atoms! The formation of similarly ideal chemically

functionalized Si(100)-organic interface would enable

advances in integrated chemical sensing,3 photovoltaics,4

molecular electronics,5 and other applications. However,

the same thermal strategy for reducing electronic defects

cannot be used in this case, as organic layers decompose at

temperatures above �300 �C.6 As a result, chemical strat-

egies for electronic defect suppression must be developed.

The most successful chemical approach to date relies on

a highly anisotropic (face-specific) etching reaction that pro-

duces electronically superior,7 atomically flat,8 H-terminated

Si(111) surfaces. The H atoms can then be displaced in low-

temperature reactions with alkenes,9 Grignard reagents,10

alcohols,11 or aldehydes11 to produce a wide variety of high

quality self-assembled monolayers (SAMs) with varying

functionality. We recently showed that hydrosilylation func-

tionalization can yield SAM/Si(111) interfaces with very

low defect densities—below 2 � 1011 cm�2 eV�1 throughout

the Si band gap12—that approach the quality of the best

Si(111)/SiO2 interfaces.13

Attempts to replicate this approach on Si(100) have been

stymied by a simple problem: aqueous etching of Si(100) typi-

cally leads to atomically rough, inhomogeneous surfaces termi-

nated with a wide variety of monohydride, dihydride, and

trihydride species.14 As we will show, subsequent functionali-

zation of these inhomogeneous surfaces leads to electronically

defective interfaces that are inferior to Si(111)/SAM interfaces.

In this Letter, we exploit recent advances in the chemi-

cal preparation of quasi-atomically flat, H-terminated

Si(100) surfaces15 to suppress electronic defects on chemi-

cally functionalized Si(100) surfaces. The electronic perfec-

tion of these interfaces is quantified using a non-invasive

conductance-voltage technique,12 confirming the dramatic

reduction of Dit, as standard chemical characterization tech-

niques are entirely insensitive to these changes. Importantly,

this electrical characterization method is generalizable to a

wide variety of Si(100) functionalization strategies.

Two types of Si(100) wafers are used in our experi-

ments: double-side polished Si wafers of low doping (float

zone, resistivity �5–10 X�cm) are used for transmission

FTIR measurements; and moderately doped Si wafers (CZ,

single-side polished, 0.45–0.75 X�cm) are used for conduct-

ance voltage measurements to minimize the capacitance

frequency dispersion due to series resistance effects.16 The

same chemical preparation is performed on both types of

wafers, including the initial cleaning.

After sequential degreasing by sonication in trichloroeth-

ylene, acetone, and methanol, the samples are cleaned in an

acidic peroxide mixture composed of sulfuric acid and hydro-

gen peroxide in a 2:1 volume ratio at 80 �C, then thoroughly

rinsed with deionized water (18.5MX cm) prior to HF etch-

ing. The morphology of the initial H-terminated Si(100)

surfaces can be changed by varying the fluoride etching pro-

cess. Rough inhomogeneous H-terminated surfaces are pre-

pared by immersing the cleaned samples in diluted HF (20%

by volume) for 30 s; we refer to these as “HF-treated Si(100)”

in the following text. Quasi-atomically flat H-terminateda)Electronic mail: weina.peng@utdallas.edu
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Si(100) surfaces are prepared by immersing the HF-treated

samples in 49% NH4F solution for 2 min, systematically

drawing the sample through the etchant/air interface every 15

s to dislodge H2 bubbles that block the reaction locally and

generate etch pits.17 The surface smoothing is a result of

highly site-specific chemical reactions. After etching, the sur-

face is nearly atomically flat, characterized by missing row

structures along [011] directions (Fig. 1(a)), in sharp contrast

to the atomically rough HF-treated Si(100) surface (Fig. 1(b)).

We refer to these ridged structures as “quasi-atomically-flat”

surfaces in the following text.

More specifically, the surface shown in Fig. 1(a) consists

of rows of unstrained dihydrides separated by canted and

strained dihydrides. Moreover, there is a strained monohydride

at the end of each row. As a result, five Si-H stretch modes are

observed for this surface.15 Fig. 1(c) shows in detail the unpo-

larized transmission IR spectra in the Si-H stretch region of

HF-treated and quasi-atomically-flat H-Si(100) surfaces. In

contrast to the single sharp Si-H monohydride band observed

on atomically flat H-Si(111) surfaces at 2083.7 cm�1, five

vibrational modes are distinguishable for quasi-atomically-flat

H-Si(100) surfaces, marked with straight vertical lines in Fig.

1(c) and assigned to the symmetric (2104 cm�1) and antisym-

metric (2112 cm�1) stretch of unstrained silicon dihydrides,

the vibration of the upper (2143 cm�1) and lower (2087 cm�1)

Si-H bonds of strained silicon dihydrides, and the vibration of

strained silicon monohydrides (2124 cm�1) in good agreement

with the original findings in Ref. 15. In contrast, HF-treated

Si(100) surfaces are characterized by a very broad Si-H band,

clearly comprised of more spectral components indicative of a

complicated surface termination with the coexistence of sev-

eral Si-H species in varying local environments.

After hydrogen termination, ethyl undecylenate

(C10H19COOC2H5) is reacted with the H/Si(100) surface via

hydrosilylation, resulting in the formation of Si-C bonds and

an ester-terminated surface. The ester group is then

“activated” using potassium tert-butoxide and an acid work

up as described in Ref. 3, resulting in a carboxylic-acid-ter-

minated monolayer. The carboxylic acid group enables uni-

form nucleation and growth of a thin (�6 nm) high j
dielectric layer of Al2O3 using �60 cycles of atomic layer

deposition (ALD) at 100 �C. The process is gentle enough

not to perturb the underlying SAM/Si interface.18 This insu-

lating barrier is essential to the electrical measurements as it

lowers the leakage current,12 enabling an accurate determi-

nation of the total equivalent oxide thickness (EOT), i.e.,

SAM plus Al2O3, which is required for the determination of

Dit using conductance voltage measurements (GV).16,19 GV

measurements are sensitive to defect levels as low as

1010 cm�2eV�1. They are, therefore, two orders of magni-

tude more sensitive than either XPS or IR absorption spec-

troscopy. Without any further fabrication step, a mercury

probe is used for the conductance voltage measurements12 to

yield the intrinsic property of the buried SAM/Si interface.

FTIR and XPS are widely used surface characterization

tools to examine the organic functionalization of semiconduc-

tor surfaces. The combined use of these two techniques gives

a detailed description of chemical species present on the sur-

face. The rough and smooth Si(100) surfaces are chemically

indistinguishable by infrared spectroscopy. Fig. 2(a) shows

the transmission infrared absorption spectra of HF-treated

and quasi-atomically-flat H-Si(100) surfaces after the first

functionalization step, which produces an ester-terminated

SAM layer. Both spectra are referenced to the initial

hydrogen-terminated surface, highlighting the loss of hydro-

gen and the formation of a densely packed SAM on Si. The

energy of the asymmetric methylene stretch mode �as(CH2) is

FIG. 1. Representative STM images of H-Si(100) surfaces after etching with

(a) NH4F and (b) HF. NH4F-treated Si(100) surfaces appear quasi atomically

flat, showing missing row structures along [011] directions. (c) IR absorption

spectra of the Si-H stretch region for quasi-atomically-flat H-Si(100) and

HF-treated Si(100) surfaces. Both transmission spectra are taken with unpo-

larized light incident at the Brewster angle (�70�). The five vibrational

modes characteristic of quasi-atomically-flat H-Si(100) are indicated by ver-

tical lines at 2087 cm�1, 2104 cm�1, 2112 cm�1, 2124 cm�1, and 2143 cm�1.

FIG. 2. FTIR and XPS characterization of the SAM functionalization of

quasi-atomically-flat H-Si(100) and HF-treated Si(100) surfaces. Both the

antisymmetric CH2 stretch mode and the C¼O stretch mode are indicators

of the SAM layer packing density, which are almost the same for both surfa-

ces shown in (a). XPS spectra of the (b) C 1s and (c) Si 2p resonances from

SAMs on quasi-atomically-flat H-Si(100) surfaces. Minimal surface oxida-

tion is observed.
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correlated to the degree of chain packing,20 i.e., the lower the

vibration mode, the higher the packing density. Both samples

have �as(CH2) at 2924� 2925 cm�1, with negligible differen-

ces between the two surfaces. The chain packing is denser

than that on carboxylic-acid-terminated SAM/Si(111) surfa-

ces18 (�as(CH2) at 2926 cm�1), albeit slightly sparser than

that on densely packed alkyl monolayers (�as(CH2) at

2920 cm�1).20 The C¼O stretch mode at 1615 cm�1 is also

observed for both surfaces, associated with the ester termina-

tion of the SAM.

Similar to IR data, the rough and smooth surfaces are

chemically indistinguishable by XPS spectroscopy. Figs.

2(b) and 2(c) show the C 1s and Si 2p XPS spectra of ester-

terminated quasi-atomically-flat H-Si(100) surfaces. Spectra

of the SAM/HF-treated Si(100) surfaces are nearly identi-

cal.21 Both spectra in Fig. 2 show evidence of Si-C bonding.

In the C 1s spectrum, C-Si bonding leads to a peak 1.2 eV

(Ref. 22) lower than the main transition which is attributed

to C-C bonds in the alkyl chain. In the Si 2p spectrum, Si-C

bonding leads to a 0.4 eV shift from the bulk Si peak to

higher binding energies. Minimal surface oxidation occurs

during the surface organic functionalization, as evidenced by

a very weak signal in the region of 101–104 eV of Si 2p.

In contrast, electronic characterization of the rough and

smooth surfaces shows dramatic differences. Figure 3 shows

the electrical response of the system using an Hg probe in

contact with the Al2O3/SAM stack. Thanks to the large physi-

cal dielectric thickness, the leakage current is low enough to

allow capacitance-voltage measurements, characterized by a

small frequency dispersion for the SAM/Si(100) interfaces.

For an average contact area of 2.2� 10�3 cm2 of the mercury

probe, a spreading resistance16 of 20 X is estimated for the

doping level used in our experiment (0.7–1.2� 1016 cm�3), in

good agreement with the value extracted from the series re-

sistance correction (Rs¼ 19� 22 X)16 of the CV curves. The

series resistance Rs partially accounts for the frequency dis-

persion, but cannot fully recover the invariance of the accu-

mulation region for variable frequencies. This extra frequency

dispersion (less than 10%) likely comes from the deficiencies

in the simplified circuit model used to analyze the CV data,

but this only slightly affects the following analysis.

The capacitance humps near Vg¼ 1.0 V in Fig. 3 are

attributed to the capacitance of interface defects, Cit. The

defects are able to respond at low frequencies; however, with

increasing measurement frequency, the Cit gradually disap-

pears as the defects cannot respond to the ac voltage swing,

and their contribution to the capacitance vanishes. The den-

sity of interface states, Dit, is clearly larger in Fig. 3(a) for

SAMs grafted on rough HF-treated Si(100) surfaces. This

observation is in good agreement with the more detailed con-

ductance voltage measurements shown in Fig. 4. The simula-

tion fitting23 of the data, similar to what was done

previously,12 yields an EOT of approximately 4.5 nm for the

Al2O3/SAM bilayer on quasi-atomically-flat H-Si(100)

surfaces, in good agreement with the EOT obtained for the

same stack on Si(111).12 HF-treated Si(100) surfaces, how-

ever, have a slightly lower EOT than that of quasi-atomical-

ly-flat Si(100) surfaces. This reproducible difference in EOT

might reflect a small difference in the Al2O3 growth on these

two surfaces after SAM functionalization.

The Dit distribution at the SAM/Si interface is obtained

from conductance voltage measurements at 31 frequencies

ranging from 1kHz to 1MHz (not shown). With the oxide ca-

pacitance extracted from Fig. 3, the conduction loss Gp/x is

calculated from the experimental capacitance and conduct-

ance data, and Dit is extracted from the maximum of the con-

duction loss according to the method described in Ref. 16.

The results are shown in Fig. 4 for three different starting

surfaces as a function of energy in reference to the Si mid

gap: HF-treated Si(100), quasi-atomically-flat H-Si(100),

and atomically flat H-Si(111) surfaces. The interface state

density of MOS-grade SiO2/Si(100) and SiO2/Si(111) surfa-

ces is also shown for comparison. Since n-type wafers are

used in the experiment, only states in the upper half of the

band gap are probed by the GV measurements.

The interface state densities of atomically flat

SAM/Si(111) and quasi-atomically-flat SAM/Si(100) interfa-

ces are both only slightly higher than those obtained on the

best SiO2/Si(111) interfaces, which are prepared with

high-temperature oxidation and annealing. While these den-

sities are one order of magnitude higher than that of the best

SiO2/Si(100) interface, the SAM functionalization requires

substantially lower temperature (200 �C) and no extra

FIG. 3. Capacitance voltage characteristic of the Al2O3/SAM/Si stack meas-

ured using a mercury probe setup for (a) HF-treated Si(100) and (b) quasi-a-

tomically-flat H-Si(100) surfaces. The capacitance has been normalized to

the contact area and the effects from the series resistance have been cor-

rected. The contribution from interface defects is much more pronounced

for HF treated Si(100) surfaces, and the simulation fitting yields a lower

EOT for this surface.
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annealing. In contrast, a post-anneal in forming gas (�400 �C)

is employed in MOS production to lower the Dit.

A much larger defect density is observed on the atomi-

cally rough SAM-terminated Si(100) surface. Compared to

its quasi-atomically-flat H-Si(100) counterpart, the defect

density is almost tripled, increasing from approximately

2.5� 1011 cm�2eV�1 to 7.5� 1011 cm�2eV�1. These data

clearly show that the interface defect densities of

SAM-terminated Si surfaces correlate directly with the

atomic-scale roughness. The lowest densities are obtained

on the atomically flat Si(111) surfaces. The slightly rougher

but still atomically smooth Si(100) surfaces, characterized

by its missing row morphology, have a slightly higher

defect density (��2). The atomically rough Si(100) surface

has the highest density of all (�5).

The magnitude of the interface defect density also sheds

light on the physical origin of this correlation. The Dit at the

SAM/Si interface is approximately three orders of magnitude

lower than the density of surface Si atoms for both orienta-

tions, i.e., 6.8� 1014 atoms/cm2 for Si(100) and 7.8� 1014

atoms/cm2 for Si(111). Therefore, the electrical defects

involve less than 0.04% of the surface atoms; the vast major-

ity of the surface atoms (99.96%) are well passivated. To put

this in context, there are on average only 5 electronic defects

in the 40 nm� 49 nm imaged region of the quasi-atomically

flat surface in Fig. 1(a).

These observations strongly suggest that the electronic

defects are not correlated with a specific chemical site. The

STM analysis shows that the characteristic morphological

features, and thus, surface sites have much higher densities.

For example, the density of highly strained monohydride

sites at the row ends account for �5% of a monolayer on the

quasi-atomically flat surface, two orders of magnitude higher

than the density of electronic defects reported in this paper.

The FTIR and XPS data also support this conclusion. The

chemically identical quasi-atomically flat Si(100) and HF-

treated Si(100) surfaces yield very different electronic defect

densities after SAM functionalization. In contrast, the atomi-

cally flat Si(111) and quasi-atomically flat Si(100) surfaces

have dramatically different structures, but lead to nearly

identical electronic defect densities.

These observations strongly suggest that the electronic

defects are correlated with surface inhomogeneity and/or

local curvature—two factors that influence the uniformity

and density of the SAM. The surface functionalization reac-

tion, alkene hydrosilylation, proceeds through a radical-

mediated chain reaction that propagates from site to neigh-

boring site on highly homogeneous surfaces, such as striped24

or flat surfaces.25 Successful propagation is highly distance

dependent, so functionalization will be impeded on inhomo-

geneous surfaces, such as HF-treated Si(100) surfaces, but

facile on the striped quasi-atomically flat Si(100) and atomi-

cally flat Si(111) surfaces. Similarly, while the chain-chain

packing in the SAM is dense on flat regions, as confirmed by

the FTIR analysis, geometry dictates that the packing must

decrease in regions of positive curvature, such as the apices

of the bulbous protrusions on the HF-treated surface

(Fig. 1(b)). These two effects will decrease the chemical re-

sistance of the SAM on the HF-treated Si(100) surface,

thereby increasing the rate of electronic defect generation

during successive processing (e.g., during hydrosilylation,

acid activation, or ALD deposition) or during air exposure.

In conclusion, FTIR, XPS, and conductance voltage

measurements show that the morphology and homogeneity

of the initial hydrogen termination achieved by tailored wet

chemical treatments strongly influence the density of defect

states after organic functionalization. When quasi-atomi-

cally-flat H-Si(100) surfaces are functionalized, the SAM/Si

interface is nearly as good as that between SAM and atomi-

cally flat Si(111) surfaces. This finding suggests that the

NH4F treatment is an effective approach to suppress defects

at functionalized Si(100) surfaces for applications where

high temperature annealing processes cannot be performed.
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