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Chapter 3

Electrical Measurements I: Surface

Conductance

3.1 Introduction

The electrical defects that are associated with either physical defects or chemical

impurities at the surface can have a profound impact upon the electrical characteris-

tics of a semiconductor material. These defects may form electrical states within the

bandgap that can capture or emit electronic carriers, which can cause deviations from

expected behavior of electrical contacts, as well as provide a relaxation pathway for

free carriers. This section outlines the origin of the parameters used to quantify the

electronic properties of the the Ge(111) surface as a function of the chemical surface

conditions.
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3.1.1 Surface Recombination

3.1.1.1 Background

Even for an electrically isolated semiconductor, there must be an eventual relax-

ation to equilibrium after a perturbation, such as a light pulse in the case consid-

ered here. Relaxation through non-radiative, trap-assisted recombination was first

modeled by Shockley and Read, and independently by Hall, and is commonly re-

ferred to Shockley-Read-Hall (SRH) recombination. The rate of relaxation depends

upon the concentration of conduction band electrons (n), valence band holes (h),

recombination-generation (R-G) centers, both empty and filled (pT and nT , respec-

tively), and proportionality constants describing the rate of electron capture and

emission (cnand en) and hole capture and emission (cpand ep). This net recombina-

tion is expressed as1,2

rn =
δn

δt
|R−G = cnpT n − ennT

rp =
δp

δt
|R−G = cpnT p − eppT (3.1)

Equation 3.1 is generally applicable to any situation involving a non-degenerate

semiconductor. If the simplifying assumption is made that the capture and emis-

sion coefficients remain constant under both equilibrium (rn = rp = 0) and non-

equilibrium conditions, the emission terms may be rewritten as capture terms depen-

dent upon the R-G center position within the bandgap.
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en = cn

(

pT n

nT

)

= cnn1 (3.2a)

ep = cp

(

nT p

pT

)

= cpp1 (3.2b)

where through the relations

n1 ≡
pT n

nT

p1 ≡
nT p

pT

NT ≡ nT + pT

n1 =

(

NT

nT

− 1

)

n =

[(

1 + exp
(ET − EF )

kT

)

− 1

]

ni exp [(EF − Ei) /kT ]

n1 = ni exp [(ET − Ei) /kT ] (3.2c)

p1 = ni exp [(Ei − ET ) /kT ] (3.2d)

Equations 3.1 and 3.2 concern the crystal bulk, but analogous relations can be

drawn for surface processes, though the trap and carrier concentrations are in terms

of area rather than volume.
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rns = cns (pTsns − nTsn1s) (3.3a)

rps = cps (nTsps − pTsp1s) (3.3b)

For steady-state conditions, rns = rps and a general recombination rate can be

defined, after rearranging equation 3.3a to replace nTs & pTs with NTs, as

Rs =
nsps − n2

i

1

cpsNTs
(ns + n1s) + 1

cnsNTs
(ps + p1s)

(3.4)

where the factors (cNT )−1have units of velocity, and in the absence of complicating

factors such as high-level injection or surface fields, represent the flow of carriers to

the surface. Equation 3.4 is valid for the case of a single trap-state level, however real

surfaces have a continuum of states so that NTs is correlated to a density of states,

DT (E)dE, integrated over the entire bandgap and Rs becomes

Rs =

EC
ˆ

EV

nsps − n2

i

1

cps
(ns + n1s) + 1

cns
(ps + p1s)

DT (E)dE (3.5)

For low-level injection (∆ns = ∆ps ≪ ns0), the steady-state carrier concentrations

can be related to the equilibrium concentrations through
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ns = ns0 + ∆ps (3.6a)

ps = ps0 + ∆ps (3.6b)

nsps − n2

i = ns0∆ps (3.6c)

and Rscan be rewritten in terms of the perturbation ∆ps

Rs =

[

ˆ EC

Ev

(cpsDT )

(

1 +
n1s

ns0

+
cpsp1s

cnsns0

)

−1

dE

]

∆ps = sp∆ps (3.7)

The bracketed integral in equation 3.7 depends only upon the surface state distri-

bution, so it is taken as a system parameter, sp, known as the surface recombination

velocity (for n-type samples in this case).

3.1.1.2 Photoconductivity Decay

Recombination center density can be measured, by way of the surface recom-

bination velocity, through photoconductivity decay (PCD) profiles. Excess carriers

generated by a rapid light pulse raise the conductivity of the semiconductor. After

the pulse, the conductivity will decrease to the original value at a rate defined by

the rate of recombination both in the bulk and at the surface. Single-crystal Si and

Ge can be prepared with sufficiently high quality that bulk recombination is low and

surface recombination dominates. The effective carrier lifetime τ is obtained from the

decay constant seen in the PCD profile of conductance as a function of time
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y(t) = Ae−
t
τ + C (3.8)

Because carriers require a finite amount of time to diffuse to the surface, τ is

dependent upon the sample geometry. For the case of a wafer with an area that is

wide compared to the distance a carrier may traverse, but a thickness that is not, that

dependence may be eliminated by converting τ to the surface recombination through

1

τ
=

1

τbulk

+
2s

d
(3.9)

where d is the sample thickness, and the factor 2 is due to the sample having two

surfaces.

The derivation of s leading to equation 3.7 assumed restrictive conditions of low-

level injection and flat bands, but is often extended to arbitrary conditions.1 For the

SiOx/Si interface, the band-bending is not severe and the capture cross-sections of the

electrons and holes are similar for the dominant recombination center, so the surface

trap density, NTs, can be fairly approximated by the relation

s = συthNTs (3.10)

where σ is the carrier capture cross-section and υth is the thermal drift velocity.
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3.1.2 Surface Charging

Surface states with slow kinetics for one carrier type are not efficient recombination

centers, but still interfere with electrical contact formation. While the barrier height

of the junction should depend upon the work function of the contacting phase, surface

states that accept or donate the charge that would have ideally resided throughout

the space-charge region. The resulting insensitivity of the junction properties to the

contacting phase is known as Fermi level pinning. Fermi level pinning is a well-known

feature of metal/Si Schottky diodes. The pinning is believed to arise from formation

of silicides during the metal deposition process.2 Room temperature, solution-phase

contacts could be formed without reactive conditions of high temperatures at the

silicon surface. More recently, soft contact formation has been explored so that the

degree of pinning is not so dependent on contact formation conditions.3–5

3.1.2.1 Surface Conductance

The experiment described in this section is designed to measure the charged sur-

face states and associated surface potential. Sample conductance is measured as the

surface potential is varied by means of a field plate parallel to the sample surface.6

The surface charge associated with the trap states results in carrier concentrations

near the surface that are different than those in the bulk. This can be measured as a

change in conductance, σ, according to7

∆σ = q (µn∆N + µp∆P ) (3.11)
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where ∆N and ∆P are the total change in electron and hole concentrations within

the near-surface region.

∆N =

∞
ˆ

0

(n − nb)dz (3.12a)

∆P =

∞
ˆ

0

(p − pb)dz (3.12b)

The factors µn and µp are surface mobilities, less than or equal to the bulk mobili-

ties, the exact values depend upon the nature of the surface scattering. The deviation

from bulk values is greatest in strong inversion or accumulation. Under circumstances

closer to flat-band conditions, equation 3.11 is a direct measure of surface potential

reflected in the carrier concentrations.

Figure 3.1 on page 67 is a plot of ∆σ as a function of surface potential vs for a

lightly doped n-type sample at room temperature. At flat-band conditions, the excess

surface carrier density is zero, so this is taken as the reference point. For positive sur-

face potentials, accumulation conditions exist and the excess electrons raise the total

measured surface conductance. Similarly, for sufficiently negative surface potentials,

inversion conditions exist and the excess hole concentration is high enough to raise

the sample conductance. At less negative potentials, the surface region is depleted

of majority carriers, and there is an insufficient concentration of minority carriers to

compensate, so the sample conductance is decreased.

For a sample of uniform composition and thickness, the conductance may be
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related to the measured resistance by

∆σ =
l2

A

(

1

R
−

1

R0

)

(3.13)

where l is the sample length, A = l × w is the area of the sample faces. It is difficult

to predict Rowithin the necessary accuracy, but if the semiconductor dopant density

is known, the potential at which the surface crosses from depletion to inversion can

be calculated, and the point of maximum resistance can be used to connect the

measured resistance values with the calculated relationship in Figure 3.1 on page 67

by rearranging equation 3.13 to

∆σ − ∆σmin =
l

2w

(

1

R
−

1

Rmax

)

(3.14)

3.1.2.2 Pulsed Fields

If the surface field is varied over a timescale that is fast compared to the recombi-

nation processes associated with the surface-states, more information can be gained

before steady-state conditions are re-established. If a surface under inversion can be

made to rapidly enter accumulation by means of an external field, the excess surface

charges responsible for the inversion conditions will be emitted into the near-surface

region of the bulk, where they contribute to the carrier concentration, resulting in an

initial rise in conductance. The conductance will reach steady-state conditions with

a decay constant dependent upon recombination processes, very similar to what is

seen for the light pulse response in the PCD measurements. Unlike the PCD, where
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the magnitude of the response (parameter A) of equation 3.8) is dependent upon the

intensity of the light pulse, the magnitude of the pulsed field response is dependent

upon the concentration of excess charge in the inversion layer.

In the case of an n-type sample, inversion conditions would arise from the presence

of negatively charged acceptor states, and the positive minority carriers associated

with the inversion layer that counters the surface states. At the onset of a positive

pulse to the surface, the positive charge of the inversion layer is injected into the

bulk. Negative charges enter through the ohmic contacts to counter the injected

charge. Negative charges also flow to the surface region to counter the positive field

plate, but these are accounted for in the steady-state conductance that is eventually

reached. The difference between the peak conductance just after the field pulse and

the final steady-state conductance is therefore

δσ = q(µn + µp)∆P (3.15)

where ∆P is the excess positive charge of the inversion layer, and the mobilities have

their usual bulk values.

3.2 Experimental

PCD and surface conductance measurements were performed simultaneously with

a setup (depicted in Figure 3.3 on page 71) based off of the experiments of Mont-

gomery and Brown.6 Each sample was an approximately 22 × 12 mm piece of double-

side polished wafer. Prior to any chemical treatments, a 1–2 mm region was sanded at
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the two shorter edges in order to facilitate ohmic contact formation. After the chem-

ical treatments described in Chapter 2, the ohmic contacts were formed by applying

either Ga/In eutectic or Pb/Sn solder.

A gate region was formed on each side of the substrate by clamping the sample

between two transparent conductive oxide-coated glass plates. The plates were sepa-

rated from the Ge surface by a 10–13 micron thick polyvinyl fluoride film (Goodfellow)

coated with hydrocarbon oil to exclude air from gaps. The resulting capacitance was

approximately 400 pF/cm2. One end ohmic contact was grounded while the other

was connected to a constant-current source. The voltage drop across the sample be-

tween the ohmic contacts was continuously monitored with a TDS210 oscilloscope

(Tektronix). The gate voltage was supplied by two 2.5 W ±1kV power supplies (Mat-

susada JB-1N, JB-1P), and controlled by a custom built circuit. The magnitude of

the bias was manually adjusted from 0 - ±800 V. The gate bias waveform consisted

of 50% duty cycle, 10–20 ms period square wave with pulses of alternating sign.

Photogeneration of carriers for PCD was achieved with a 20–30 ns pulse of 1550

nm light from a laser diode (Laser Components, Inc.), powered by an Electro-Optic

Devices ETX-10A laser driver, directed through one of the field plates. The pulse

was fired 1–3 ms after the onset of the gate bias. Low-level injection was confirmed

from the peak conductance value, which indicated a photogenerated carrier density

of ≤ 1012cm−3.

For each measured gate voltage, the waveform was signal averaged and stored

digitally. The photogenerated transient present in the waveforms were fit to equation

3.8. The voltage at the field-free region was set to zero, and the offset parameter
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C was used to determine the change in surface conductance. For each sample, each

surface conductance value was recorded, with its corresponding SRV, into a two-

column .csv file and converted to surface potential using the Python script in the

Appendix. Figure 3.2 is a plot of the correlation calculated with the script and used

for the conversion.

3.3 Results

All samples modified through the two-step halogenation which displayed no evi-

dence of oxidation in the XP spectra were found to have a p-type surface (inversion

conditions), in agreement with the original ethylation.8 Surfaces that did display some

oxidation were in depletion or accumulation. Hydrogen- and bromine-terminated

surfaces were not stable for the conditions or time-scale of the experiment, so they

were not measured. Samples that did display oxidation in the XP spectra, includ-

ing methanethiol-terminated and hydrogermylated samples, showed n-type surfaces

(accumulation conditions).

3.3.1 Surface Conductance

Figure 3.12 on page 84 is a plot of the measured surface recombination as a function

of surface potential. Samples that displayed very low recombination velocities had no

clear maximum. Oxidized samples show low recombination values, but the surface

charging is too severe to measure flat-band conditions, so meaningful measurements

were not possible. The plotted surface potential values for the oxidized sample were
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not quantitatively accurate, but serve to illustrate that the oxidized surfaces were

under accumulation conditions.

Surface potentials at no applied field and the maximum SRV values of all samples

for which the point of minimum conductance and maximum recombination could

be reached are collected in Table 3.1. The general trend is that methyl-terminated

samples had higher surface charging than the ethyl- and decyl-terminated surfaces,

but the surface recombination is lower, even as the surface is brought to flat-band

conditions.

3.3.2 Pulsed Fields

Lightly doped n-type methyl- and ethyl-terminated surfaces were under inversion,

so the surface charge density could be extracted directly from the transient response

to the application of a positive gate bias. Figures 3.4 and 3.5 show the recorded

waveforms of the conductance of a methyl-terminated surface in response to a positive

and negative gate bias, respectively. The onset of the positive bias in Figure 3.4

coincides with peak 1. The change in conductance from the height of peak 1, to the

baseline that follows is dependent upon the excess charge in the inversion layer as

given by equation 3.15. Peak 2 is the conductance transient from the optical injection

of the laser pulse. The excess charge density was found to be as high as 1012 charges

per square centimeter for methyl-terminated samples.

The conductance responses of oxidized Ge(111) to a positive and negative gate

bias are shown in Figures 3.6 and 3.7, respectively. These waveforms display a dif-
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ferent sign in the response to the bias, indicating the surface is not under inversion

conditions.

3.3.3 Silicon

CH3-Si(111) showed similar results to those seen on Ge(111), but it was not pos-

sible to span the much larger bandgap by means of the field plate and the point of

minimum resistance could not be reached. The experimental configuration was also

not well-suited to the high resistance of lightly doped Si, which caused the RC time-

constant of the conductance circuit to be of similar magnitude to the time-scales of

interest. Qualitative information could still be gained from the sign of the surface

conductance response to a gate bias. High resistivity n-type CH3-Si(111) showed con-

ductance modulations very similar to what is seen in Figures 3.4 through 3.7. Figure

3.8 displays the response of such a surface to a negative gate bias. Due to the RC

time-constant, the capacitive spikes at the beginning and end of each gate bias pulse

had a noticeably longer duration, but were still useful to confirm that the surface

conductance response was of the same sign as that observed in Figure 3.7. Figure 3.9

shows the response of of an native oxide Si(111) surface, from the same wafer, to the

same gate bias. The response is opposite that of the methyl-terminated surface and of

the same sign as the oxidized Ge(111) surfaces. Moderately doped 70 Ohm-cm n-type

Si did not show inversion waveforms. Figures 3.10 and 3.11 show the conductance

responses to a negative gate bias of a CH3-Si(111) and a SiOx-Si(111), respectively.

The capacitive spikes are much narrower because of the lower resistivity of the Si
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samples. The conductance waveforms do not follow the square wave bias because of

relaxation due to surface states associated with carrier recombination or generation,

which are in greater number on the oxidized surface and therefore produce a faster

relaxation. Despite the relaxation, the signs of the responses can still be seen to be

opposite the responses of the higher resistivity Si(111) From Figure 3.2, this would

indicate the surface potential of the high-resistivity CH3-Si(111) is more negative than

-200 mV, and that the surface potential of the moderately doped CH3-Si(111) surface

is less negative than -400 mV.
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Figure 3.4: Conductance waveform of CH3-Ge(111) surface in response to positive
gate bias
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Figure 3.5: Conductance waveform of CH3-Ge(111) surface in response to negative
gate bias
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Figure 3.6: Conductance waveform of GeOx-Ge(111) surface in response to positive
gate bias
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Figure 3.7: Conductance waveform of GeOx-Ge(111) surface in response to negative
gate bias
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Figure 3.8: Negative gate bias applied to CH3-Si(111) (ND=4 × 1011cm−3)
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Figure 3.9: Negative gate bias applied to SiOx-Si(111) (ND=4 × 1011cm−3)
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Figure 3.10: Negative gate bias applied to CH3-Si(111) (ND=7 × 1013cm−3)

10 5 0 5 10

Time (ms)

4

3

2

1

0

1

2

R
a
w

 S
ig

n
a
l 
(V

)





83

3.4 Discussion

The very low surface recombination measured for methyl- and ethyl-terminated

surfaces indicate the halogenation/alkylation method is effective in passivating R-G

centers at the surface. The oxidized samples displayed low recombination, but no

conclusions can be drawn concerning R-G centers. While the photovoltage gener-

ated in high-level injection conditions would have countered the surface potential,

the resulting PCD constant would have been a function of both electron and hole

lifetimes.9 If the majority carriers, in this case the electrons, have slower recombina-

tion kinetics (a low cns of equation 3.5) the effective lifetime will be dominated by

the slower majority carrier recombination as the surface states are saturated.10 To

keep the measured recombination a function of the sample and not injection level,

low-level injection conditions were maintained.

The opposing trends in surface charging and SRV seen in the alkylated surfaces

suggest that slight oxidation could be responsible for the less severe band-bending

in decyl- and ethyl-terminated surfaces. While relatively recent photoelectron mea-

surements of valence band shifts in oxidizing Ge tend not to support the notion that

the oxide is responsible for the positive shift in surface potential for n-type material,

it should be noted that such measurements must be performed under UHV condi-

tions.11–14 It has long been known that water vapor makes an oxidized Ge surface

more n-type, and the surface conductance measurements were performed in standard

laboratory atmosphere.6,15 While the sign of the surface potential is consistent with

the original ethylation, it is not what would be expected if the methyl groups were
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eliminating dangling bonds, based upon theoretical calculations and experimental

observations of Ge field effect transistors.16,17 If the conclusion is that, for methyl-

terminated surfaces, the oxide has been eliminated but there still exist dangling bond

defects with a density of 1012cm−2, this would imply a deficit in the passivating mono-

layer on the order of 1%. Such a density is below the detection limit of the available

XPS data for these particular surfaces.

A comparison to methyl-terminated silicon is useful because CH3-Si(111) is a well-

studied surface.18–20 The effective surface passivation by methylation seen in Si(111)

has been attributed to the elimination of dangling bonds. Because the molecular

geometry for CH3-Si(111) and CH3-Ge(111) are so similar, it would be thought that

methylation would have a similar effect on dangling bonds of a Ge surface. Conduc-

tance experiments performed on CH3-Si(111) suffered some experimental draw-backs.

Intrinsic Si is much more resistive than intrinsic Ge, so time resolution was lost be-

cause of the resulting high RC element of the detection circuit. More highly doped

material requires stronger fields to span the range of accumulation to inversion con-

ditions. The fields used in this experiment, which were not adequate, were already

greater than 200 kV/cm, far exceeding the dielectric strength of the soft hydrocarbon

and fluorocarbon spacers necessary to avoid shorting to and damaging the surface.

Within the limitations, however, the sign of the conductance response to pulsed fields

could still be used to determine which arm of the conductance curve (see Figure 3.2

on page 70) the surface was at. Because the high resistivity material showed inversion

conditions, the surface potential had to be more negative than -200 mV. The more

highly doped n-type silicon did not show inversion conditions, so the surface potential
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had to be less negative than -460 mV. This is not in disagreement with photoelectron

measurements indicating a negative surface potential of as much as 200 mV.18,21

Reports of inversion layers in the chlorinated Si(111) surface raise the question

of whether small amounts of halogen atoms are unreacted and causing the negative

surface potential.22 The authors ascribe the observed increase in conductance of Cl-

Si(111) relative to H-Si(111) to an inversion layer caused by electron-withdrawing

chlorine produced positive holes in the n-type Si. The increased conductance could

be caused by an inversion layer, but it could also be caused by an accumulation layer

or a surface film. Aside from measuring the decrease in conductance as the chlorine

layer degrades in air, the authors did not modify the surface potential, but subsequent

UHV STS measurements showed no clear bandgap, which indicated a density of

states within the bandgap, which could give rise to an inversion or accumulation

layer.23 The amount of charge in the inversion layer present in the methyl-terminated

surface is consistent with 0.1–1% of the Ge(111) surface atoms remaining halogen-

terminated. Such a concentration is well below the detection level of the XPS, but

is not insignificant. However, the lack of observation of persistent chlorine atoms in

similarly prepared methyl-terminated Si(111) samples, for which there is also a shift

in surface potential, makes it unlikely that unreacted halogen surface atoms are the

cause of the surface charge.18,20,21,24

An increase in work function of 1.2-1.5 V was observed for the Cl-Si(111) surface

by Lopinski et al., but work function-dependent measurement techniques would be

sensitive to the surface dipole, and the authors did not make the distinction.18,22,25,26

The surface conductance measurements performed here should not be sensitive to sur-
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face dipoles because the current used to measure the surface conditions flows parallel

to the surface, rather than crossing the interface. Surface fields are applied across the

interface, but the magnitude of the bias voltage is never used directly in calculating

the surface potential. The band positions would be affected if the semiconductor was

in thermal equilibrium with the field-plate conductor, however the 20 micron thick

insulator makes the semiconductor insensitive to the conductor work function.

3.5 Conclusion

Alkylated surfaces prepared through the two-step halogenation/alkylation dis-

play surface electronics that are quite distinct from the oxidized starting material.

Methyl-terminated Ge(111) surfaces show very little surface recombination, but have

a surface potential approaching -300 mV. Bulkier alkyl groups are comparable, but

show slightly higher SRV and lower surface potential. Oxidized surfaces and all other

surfaces, including hydrogermylated surfaces, showed a positive surface potential, but

the surface charging was too severe to determine a definite value. The negative surface

potential of the methyl-terminated surface is consistent with elimination of states as-

sociated with a hydrated oxide, but could be indicative of surface-states located near

the valence band.

Silicon surfaces show a similar degree of band-bending, consistent with earlier

photoelectron measurements. This is significant because it means that the two-step

alkylation is successful for Ge(111) as it is for Si(111), despite the less atomically

smooth surface and the unstable H-Ge(111) precursor surface.
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