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The electrochemical grafting process of 4-nitrobenzene and 4-methoxybenzene (anisole) from diazonium salt
solutions has been investigated in situ by monitoring the current density, the band bending, and the nonradiative
surface recombination during grafting at different potentials and different concentrations of the diazonium
salt in the solution. Ex situ infrared spectroscopic ellipsometry has been used to inspect the Si surface species
before and after the grafting process. The band bending decreases with either increasing concentration of
diazonium salt or when the redox potential of the diazonium compound (anisole) is nearer to the competing
H*/H, couple. The surface recombination increases at more cathodic potentials if an electron donor group is
present at the phenyl ring (nitrobenzene) and vice versa for the electron acceptor group (anisole). The influence
of side reactions can be reduced by use of moderate concentration and moderate or strong cathodic potential,
depending on the redox potential of the diazonium compound.

Introduction this article, we study the effect of change of the dipole moment

) o - ) _orientation of the intermediate species on the reaction mecha-
The preparation and characterization of silicon (Si)/organic pigm.

layer interfaces is of great importance for future applications
in sensors, new devices, or for living cell immobilization at
semiconductor (i.e., Si) surfac&s. Electronic devices need
chemical and electronic passivation of the Si/organic layer
interfaces, which have to be performed at low thermal budgets
to ensure nondestructive processing. Additionally, the traditional
postannealing of Si/SiQinterfaces in forming gas above 400
°C is no longer valid. Therefore, the passivation and function-
alization of the Si/organic layer interface must be obtained

simultaneously with the grafting procesS.Electrochemical of the redox potential of diazonium compounds, the electron

grafting seems to be a very promising method to produce well transfer via the conduction band of p-Si, and radical-induced

E;;ilq\giqssv organic layer interfaces, even in the submonolayerside reactions on the grafting process. Therefore, the amount

) ) of Si-phenyl, S+ OH, SiQ,, and Si-H surface species should

A method to graft phenyl layers from the respective diazo- gjffer.
nium compounlgls on S'(.lll) surf_aces ha_s bee_n propose_d bY  We used in situ pulsed photoluminescence (PL) and pulsed
Allongue et ak® Cathodic reduction of diazonium salts in — ,h4yoltage (P techniques to inspect the nonradiative
aqueous solution is of interest for devising a simple grafting ocompination and band bending during the grafting protieés.
teﬁhnlque in aqueous solution at negative potentials. Hartig etne measured PV Upy) is sensitive to surface potential
al* developed a well-reproducible grafting technique by ap- 5iations induced by organic surface molecules when the latter
plying an injection method without any HF present in the ro5ch densities on the order ofi46m2. The PL intensity L)
electrolyte. is sensitive to very low concentrations of surface recombination

However, the mechanism of the deposition process is not centers (on the order of 30cm 2) and is proportional to the
completely understood yet because of its complexity. One reasonreciprocal of the defect concentratish.

for such complex mechanism is a formation of intermediate  pgditionally, we applied ex situ infrared spectroscopic
radical species, which have typically high oxidation power. In  g|jipsometry (IRSE) to inspect the amount of $iéhd Si-H
on the Si surfacé 8 before and after the grafting process.

There is no change in dipole orientation after transition of
4-nitrobenzenediazonium tetrafluoroborate (4-NBDT) to the
4-nitrobenzene radical, but a huge change in the case of the
4-methoxybenzenediazonium tetrafluoroborate (4-MeBDT) tran-
sition to 4-methoxybenzene radiéarhis behavior should result
in significant differences in surface chemical reactions where
phenyl ring grafting competes with side reactions (dimerization,
reaction with the solvent or other diazonium molecules).

The objective of the present paper is to determine the effect
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Figure 1. Current transients during electrochemical grafting of 4-NB . . . () . .
onto hydrogenated Si(111) at different negative potentials. Time scale Figure 2. Current transients during electrochemical grafting of 4-MeB
has been set to zero when the diazonium salt was added to the solution®nto hydrogenated Si(111) at different negative potentials and different

The simplified structure of the 4-NBDT molecule is sketched as an concentrations of 4-MeBDT (see insert). Time scale has been set to
insert. zero when the diazonium salt was added to the solution. The simplified

structure of the 4-MeBDT molecule is sketched as an insert.

thickness was about 100 nm). The wafers were cut into<20 0 .
20 mn? samples. The samples were ultrasonically cleaned in o] (A) ~ 125mMANBDT/ | p-Si(111) (B)
acetone and water, and then the thermal oxide was etched in ’ U=-1v

2% HF, and a chemical oxide was formed inS@O/H,0, = -20+
1:1 solution for 10 min. The back contact was made by
depositing InGa eutectic after the chemical oxide had been
etched by using a droplet of 2% HF. The front surface of the

sample was not affected by the preparation of the back contact. -50 + + + % % +

-304

AU, (mV)

-40-

The electrochemical preparation of the front surface was

performed in a single-compartment Teflon cell, using a three- 07

electrode configuration (samptevorking electrode, Au ring B P a—— S A
counter electrode, Au wirereference electrode). The sample ' bot ' fial v Concentration of
was mounted into the cell and the chemical oxide was etched otential (V) 4-NBDT (mM)

back in NHF (40%), such that flat hydrogenated Si(111) Figure 3. Change in band bendind\Uey) after grafting of 4-NB on
terraces were formet!. The NH,F (40%) was then completely  gj111) as a function of (A) the applied potential using a 1.25 mM
pumped out, and the cell was filled with 20 mL of 0.01 M 4-NBDT solution and (B) the concentration of 4-NBDT afL V in
H,SQ,. Simultaneously, the potential was switched-td.4 V 0.01 M H,SO0,.
vs the Au reference electrode to ensure that the H-terminated
Si surface was not oxidized. Then, the potential was switched negative potentials. The time scale had been set to zero when
to the desired value. Afterward, 10 mL of the supporting the diazonium salt was added to the solution. The current density
electrolyte was pumped out and 10 mL of the diazonium salt increases immediately after the addition of the diazonium salt
solution (4-NBDT or 4-MeBDT) in 0.01 M k5O, was injected solution due to the electron transfer from the working electrode
into the cell at constant potential. Thus, electrochemical grafting to the diazonium ions in solution (initial current). The initial
of 4-nitrobenzene (4-NB) or 4-methoxybenzene (4-MeB) mol- current for grafting of 4-NB (Figure 1) is much higher than for
ecules, respectively, occurred. 4-MeB (Figure 2). The time until the current transient has
Time-resolved PV (time resolution 20 ns) and time-integrated decayed (final current) is about 10 times faster for the grafting
PL signals (integration time 100s) were excited by single of 4-NB than for 4-MeB. However, the final current approaches
pulses of a nitrogen laser pumped dye laser (wavelength 500its value, which it had before the addition of the diazonium
nm, duration time 10 ns, intensity 40 cnm2). The in situ PV salt, more closely for 4-NB on Si than for 4-MeB on Si. The
and PL measurement procedures were described in detail in refiinal current reaches more negative values-at2 V than at
16. —1 or —0.8 V, respectively. The inset in Figure 2 shows the
The IRSE measurements were performed by using a photo-concentration dependence of the current kinetics for the grafting
metric ellipsomete?® which was attached to a Bruker IFS 55 ©0f 4-MeB at—1Vin 0.01 M 4SO, The final current is more
Fourier transform spectrometer or to the infrared beamline at Negative than before the grafting process. The increase in
BESSY 1121 The ellipsometric parameters are derived from the concentration of 4-MeBDT has a similar effect on the final
ratio of intensities of single-beam spectra measured for four CUrTent as an increased cathodic potential (see Figure 2). The
different polarizer positions (Q45°, 9%, 135’). A second set anodic current just before the addition of the diazonium
of measurements performed with a KRS5 retarder provides for ©0mpound at a potential 6£0.8 V indicates an oxidation of
the accurate determination of for values of|cosA| ~ 1. A the Si surface (see Figure 2).

liquid nitrogen-cooled mercury cadmium telluride (MCT) detec- () Photovoltage Variations. Figures 3 and 4 show the
tor was used in all measurements. change in band bendingAUpy) (relative to its value for
H-terminated surfaces) as a function of the applied potential at

a fixed concentration of the diazonium salt (A) and as a function
of the concentration at constant potential (B) after grafting of
(a) Current Transients during Diazonium Salt Injection. 4-NB (Figure 3) and 4-MeB (Figure 4) on Si(111) from 4-NBDT
Figures 1 and 2 show the time dependence of the current duringand 4-MeBDT solutions, respectively. The change in band

electrochemical grafting of 4-nitrobenzene (4-NB) and 4-meth- bending is about-58 mV (reduction of band bending due to
oxybenzene (4-MeB) on hydrogenated Si(111) at different negative surface charge for p-type Si) and quite independent of

Results
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the applied potential and the concentration for grafting of 4-NB
(Figure 3), whereas th&Upy increases from-10 to about-40

mV for the grafting of 4-MeB with increasing negative potential
or concentration of 4-MeBDT (Figure 4).

AUpy has been measured after about 20 s of grafting.
Thereafter, the measured value does not change significantly,
as opposed to the behavior of the PL with time. In this case,
AUpy is saturated, while the PL still rises because it is more
sensitive to dangling bond densities ranging from216 10t°
cm 248

2.5 mM 4-MeBDT + p-Si(111)
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Figure 4. Change in band bending\Upy) after grafting of 4-MeB

on Si(111) as a function of (A) the applied potential using a 2.5 mM
4-MeBDT solution and (B) the concentration of 4-MeBDT-at V in
0.01 M H,SQ..
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Figure 5. Relative change of PL intensitylp.) after about 2000 s of
grafting of 4-NB onto Si(111) as a function of (A) potential and (B)
concentration of the 4-NBDT salt, respectively.
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Figure 6. Relative change of PL intensitylp.) after about 2000 s of
grafting of 4-MeB onto Si(111) as a function of (A) potential and (B)
concentration of the 4-MeBDT salt, respectively.

(c) Surface RecombinationFigures 5 (for 4-NB) and 6 (for
4-MeB) show the relative reduction of the PL intensidys =
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Figure 7. Relative change of IRSE (taH/tanWs;,) spectra for 4-MeB
(a, top) and 4-NB (b, bottom) grafted onto p-Si(111) surfaces.

[1pL(2000 s) — Ip (0 S)pL(O S)), with respect to the H-
terminated surface at the same potential, after about 2000 s of
grafting as a function of the applied potential (A) and of the
diazonium salt concentration (B). The time of about 2000 s is
required for PL measurements due to the factlihas sensitive

to dangling bond densities ranging from*3.é 10° cm2 and

the radical reactions at the Si surface need this time to passivate
Si dangling bonds with respect to an increased steric hindrance
at the phenyl-covered Si surface. The coverage of phenyl groups
on Si(111) surfaces is known to be about 5@%_decreases

to about—0.65 (i.e., the amount of nonradiative recombination
active centers is enlarged by about 65%) at a potentiallop

V during the grafting of 4-NB (Figure 5A). The decrease in
dlpL is less pronounced at0.8 V, i.e., the Si surface is better
passivated at-0.8 than at-1.2 V. The values at0.7 and—0.6

V in Figure 5A and at-0.8 V in Figure 6A reflect the onset of
the competing anodic oxidation of the Si surface in aqueous
solution at such potentials, which leads to defect formation and,
consequently, to the quenchinglef and to an increase ofp,.

The oxidation of the Si surface is reflected by an anodic current
before the grafting process, which is well resolved in Figure 2
(—=0.8 V at times<0 s).

The behavior oblp as a function of the applied potential is
completely different for the grafting of 4-MeB (Figure 6A) in
comparison with 4-NB (Figure 5A). However, the dependence
of dlpL on the diazonium salt concentration at fixed potential
(here—1 V) is similar for both diazonium saltsdlp, increases
in more concentrated solutions (see Figures 5B and 6B).

(d) Infrared Spectroscopic Ellipsometry. The relative
change in the IRSE spectra (taW/tan Ws;y) for 4-NB and
4-MeB grafted on Si(111)/H surfaces are plotted in Figure 7.
Highly doped p-Si(111) was used for the grafting of 4-MeB
to reduce the influence of IR reflection from the backside during
the measurement. The weak IR absorption at about 1250 cm
is due to the G O—CHg stretching vibratiorf2 However, some
NH4* ions are still present at the surface of the highly doped
p*-Si, as can be seen by the absorption signal at about 1450
cm~1.2324The IR absorption due to symmetric and asymmetric
stretching modes of the N@roup (around 1350 and 1530
cm 1) and some ring vibrations at about 1620 ¢nare well
seere® Additionally, there is an IR band at about 1130 ¢in
which is a result of SiQstretching vibrations. The behavior of
this IR absorption will be investigated in more detail in the next
paragraphs.

The grafting of 4-NB on Si leads to the formation of IO
surface species independent of the applied cathodic potential
(Figure 8A). The amount of SiGseems to be unchanged with
increasing cathodic potential. The sharp absorption due-tbiSi
surface bonds on a flat Si(111)/H surface is well seen before
the electrochemical treatment (Figure 8B), whereas reHSi
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A o (B) Furthermore, reaction 4 describes the dimerization of two phenyl
> Im fizic rings, so that this reactive radical species is no longer available
E 08V Si(111)-H for the grafting process.
§ R—Ce + «@—R — R—0—0J—R (4)
120 i Depending on the dipole orientation of the intermediate species
< JrsiH) eq 1, reaction with the molecules of the solvation shell (water)
< Vepaby may occur via eq 5a and b, where R andare the electron
s i acceptor (e.g., nitro) or electron donor group (e.g., methoxy),
1100 1200 1300 2000 2200 respectively. The type of group (R of)Rhas an influence on
Wavenumber (cm™) the type of side reaction and on the reorganization of the
Figure 8. IRSE spectra for 4-NB grafted onto p-Si(111) surfaces at Solvation shell after the electron transfer process. The charge
different potentials: (A) tan? andA spectra in the SiQvibrational distribution among the phenyl ring changes, and the former

range and (B) the tal’ spectra in the SiH vibrational range. The positively charged carbon atom (where the diazo group was
absorption signal due to SH stretching mode of a flat and H-  |ocated) becomes slightly negative. This behavior is expressed
terminated Si(111) surface before the grafting process is plotted in B. by a change in the dipole orientation, as calculated for the
transformation of 4-MeBDT to 4-MeB.

A possible side reaction with the solvent (water) for electron
acceptor groups (e.g., nitro) is:

(B)

Si(111)-H

tan ¥

Iamn'"

W A possible side reaction with the solvent (water) for electron

donor groups (e.g., methoxy) is:

R—@e’" +° OH,’* = R—@—OH++H  (5a)

4 uel

A

. v(SiH)
; A o Wl '\"'L'.«‘w. A _ _
AV g R—@ +%"H,0” —R—@-H++OH  (5b)
1100 1200 1300 2000 2200

H atoms or OH radicals may now capture an H atom from the
hydrogenated Si surface, as outlined for the phenyl radical in
eq 2, and in turn, a dangling bond is formed (eq 5, parts c and
d, respectively).

Wavenumber (cm™)

Figure 9. IRSE spectra for 4-MeB grafted onto p-Si(111) surfaces at
different potentials: (A) tat! and A spectra in the SiQvibrational
range and (B) the tal’ spectra in the SiH vibrational range. The
absorption signal due to SH stretching mode of a flat and H-

terminated Si(111) surface before the grafting process is plotted in B. oH + H—Si—H, + «Si (5¢)

surface species could be detected after the grafting process *OH + H=Si—H,0 + «Si (5d)
(Figure 8B) at—1 and—1.2 V, respectively.

This behavior is different for the grafting of 4-MeB onto
Si(111) surfaces from the 4-MeBDT salt. The amount of,SiO
decreases strongly at higher cathodic potentials (Figure 9A),
leading to an almost oxide-free surface. Small amounts-oHSi
are still present after the grafting process and seem to increas
from —1 to —1.2 V (Figure 9B).

This dangling bond is now able to capture additionally a phenyl
ring species via eq 3.

However, Si dangling bonds may react with OH radicals and
water molecules so that SOH is formed. At least, StOH
@onds may condense to-SD—Si, as outlined in reaction 6 and,
consequently, lead to the formation of Si€urface species.

) . Si—OH + Si—OH—Si—0—Si + H,0 (6)
Discussion

(a) Grafting and Some Possible Side Reactions in Aqueous ~ There is another H atom source: positively charged and solvated
Solution. In the following, we will discuss some possible side protons from the acidic aqueous solution even at a high
reactions that compete with the main process, the grafting of concentration. These protons can capture an electron and form
diazonium radicals at the Si surface. The first step of the H atoms near the Si surface (eq 7), which finally react with an
electrochemical grafting of organic layers from diazonium unsaturated Si bond, leading to a new reactivet$isurface
compounds is the electron transfer to the diazonium ion (seesite for the grafting process as needed in eq 2.
eq 1, @ denotes the phenyl ring). The electron transfer is not N 3
the rate-limiting step and is electrostatically favorable because H" +e —eH (7)
the diazo (N*) group is positively charged, while the Si surface

) : . In the next two subsections, we will discuss the observed
is negatively polarized?

results oflp. andUpy with respect to competing side reactions
1 with water molecules.
(b) Grafting of Nitrobenzene in the Presence of Water.
The grafting of 4-NB from 4-NBDT shows a reduction Igf.
with increasing negative potential and concentration for the
grafting of 4-NB from 4-NBDT (Figure 5). Taking into account

R—@—N," + & — R—@s + N,

Reaction 2 is mainly responsible for Si surface dangling bond
formation and reaction 3 is

R—Te + H—Si— R—@—H =+ «Si ) that a Si-C bond is not a recombination active defé€the
change inp is correlated to other surface species or complexes
finally, the bonding of a phenyl ring onto the Si surface. such as SiQ In the case of 4-NB, the reduction bf_ is not

5 only related to the formation of wet Sj@t the Si surface, which
R—e + oSi°” — R—J—Si (3) is known to be a poor passivation la¥fedue to the fact that
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the amount of SiQ(Figure 8) is similar at-0.8 and—1.2 V,
respectively. Therefore, it is obvious that this behavior is related
to another defect formation process, probably the hydrogen
evolution, which increases slightly with increasing cathodic
potential. It is well-known that H atoms orzhiholecules diffuse
into bulk Si and form etch pit¥ and hence, recombination
active defects are created which redutgs?” However, the
amount of H-diffusion-related defects is in the range o210
cm~2and, therefore, too small to change the photovoltag)(
remarkably (see Figure 3).

It should be noted thalts, of Si surfaces is sensitive to a
recombination center concentration on the order of less than
102 cm~2 (i.e., less than one-tenth of a percent of Si surface
bonds), whereapy becomes quite constant when most of the
possible 50% of the Si(111) surface bonds (about>3.50™
cm~?) are grafted. Additionally, the IR ellipsometric sensitivity
is in the monolayer regime (depending on the oscillator strength
of the respective surface bond), and therefore, changes of

by changes in IR ellipsometric data.

(c) Grafting of Methoxybenzene in the Presence of Water.
The behavior ofUpy and Ip. is completely different during
grafting of 4-MeB from 4-MeBDT in an aqueous solution
(Figures 4 and 6). The less-redudedat —1.2 V with respect
to the value at-1 V is obviously related to a decrease in the
amount of wet SiQsurface species (see Figure 9), which are
known to be recombination active centers as outlined above.
Additionally, a reduction of SiQ surface species implies a
reduced amount of SiOH surface intermediate species during
the grafting process. SIOH surface bonds induce a negative

Rappich et al.

-le*U=E,

electrolyte silicon back-contact
Figure 10. Schematic sketch of the energetic positithsioxof (Me")
4-MeBDT/4-MeB, (N) 4-NBDT/4-NB, and H/H; in solution with

respect to the valence and conduction baBgd énd Ec) of p-Si at

ifferent polarization in the dark {(—) —1 V; (---) —1.2 V).
1/1000 of a monolayer as observed in PL may not be detected I polarization | ) ) )

with respect to the Ncouple. Thus, the amount of direct attacks
of Si dangling bonds by oxygen-containing speciesqJHOH
radical) is reduced during the grafting of 4-MeB. This behavior
is reflected by a strongly reduced amount of gsOrface species
(Figure 8A) and a slightly higher amount of-8# surface bonds
(Figure 8B) at—1.2 V in comparison te-1 V for the grafting
of 4-MeB.

However, no strong influence on the amount of Si04-NB
surface species was observed for grafting of 4-NB from 4-NBDT
(Figure 8A and B).

surface charge, and consequently, the change in band bendingonclusions

of p-Si is less pronounced at a more positive potential (e.g., at
—1 V instead of—1.2 V in Figure 4A) as observed from our
PV measurements. A similar effect is observed when the
concentration of 4-MeBDT is changed from 5 to 1 mmol for
the grafting process (Figure 4B).

(d) Thermodynamic Considerations.From recent grafting
experiments om-TiO, samples, it is known that the redox
potential Uredoy Of 4-MeBDT/4-MeB (Mé€) is about 170 mV
cathodic from Uyegox Of the 4-NBDT/4-NB (N) couple?®
Hydrogen evolution was observed to be slightly cathodic from
the M€ redox system. However, the potential distribution of
these redox pairs is quite broad (about 200 rfffigure 10
shows a sketch of the energetic positidthgqox Of Me”", N”,
and H/H in solution with respect to the valence and conduction
band Ev andEc) of p-Si at different polarization in the dark
((—) -1 V; (---) —1.2 V). The thickness of the arrows
denotes the intensity of current density without consideration
of any kinetic hindrance. The electron transfer from p-Si to
4-NBDT is thermodynamically favored with respect to the more
cathodically shifted Fi/H redox couple, independent of the
applied potential. In comparison, the electron transfer to
4-MeBDT competes with the HH redox system, even due to
the high concentration of Hions in the acidic solution. The
electron transfer to the HH system is preferred at a more
cathodic potential of~1.2 V and should, therefore, lead to a
higher amount of H atoms on the surface®\H hese H atoms
can react with intermediate Si dangling bonds to form ISi

We have shown that the basic chemical reaction at the Si
surface which leads to the grafting of phenyl monolayers does
not influence the surface recombination velocity. Nonradiative
defects are mainly formed at the Si surface by side reactions
with the solvent (water) during the electrochemical grafting of
organic monolayers. The influence of side reactions can be
reduced by the appropriate choice of the grafting condition:
moderate concentration and moderate or strong cathodic po-
tential should be used (depending on the redox potential).
Additionally, our results show that the grafting of diazonium
compounds is a complex radical reaction where the solvent (here
water) plays an important role for the electronic and chemical
passivation of the Si/organic layer interface. The radicals
possibly react with water molecules. However, radicals of NB
and MeB have different charges close to the radical position.
As a result, H or OH radicals are received as products from
different reactions with the solvent (eq 5a and b). These radicals
are able to react with Si surfaces. In the case of MBI atom
reacts, which can be exchanged by an organic molecule. In the
case of MeB, an OH radical reacts with the Si surface. This is
not a reversible reaction, and the rate of this undesirable reaction
decreases with increasing cathodic potential. The formation of
oxides can be suppressed in the presence of electrochemically
induced surface H atoms.

However, other types of side reactions, e.g., reaction of
radicals with ions from supporting electrolyte ($Q or Si
dangling bonds with an excited intermediate state of an

bonds, which are known to be the best species to passivateuncharged diazonium compoundNz—R), which may lead

Si(111) surfaced?3! and hence, the relative reduction Ipf

to the formation of SN bonds, should be investigated.

(01py) is less pronounced, as observed by our PL measurements

(Figure 6A). The formation of Flatoms has an influence on
the competing reaction, especially during grafting of 4-MeB
from 4-MeBDT, which has d@Jeqox Closer to the Fi/H system
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