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The hydrogen (H) isotope deuterium (D) has attracted special interest for the manufacture of silicon (Si)
semiconductors, Si microchips, and optical fibers, as well as for the synthesis of isotopically labeled compounds.
However, the efficient production of D or H deuteride in a controlled manner is challenging, and rational H
isotope enrichment protocols are still lacking. Here, we demonstrate a highly efficient exchange reaction from
H to D on the surface of nanocrystalline Si (n-Si). Fourfold enrichment of D termination was successfully
achieved by dipping n-Si into a dilute D solution. By determining the surface-localized vibrational modes for
H- and D-terminated n-Si using inelastic neutron scattering spectroscopy, we found that the physical mechanism
responsible for this enrichment originates from the difference in the zero-point oscillation energies and entropies
of the surface-localized vibrations. Theoretically, the extent of enrichment could be greatly enhanced (∼15 times)
using a gas-phase reaction. This enrichment protocol, which avoids the use of precious metal catalysts, opens
the way for sustainable H-to-heavy H exchange reactions.
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I. INTRODUCTION

Hydrogen (H) isotopes such as deuterium (D) are trace
components of naturally occurring molecular H and have ap-
plications as fine chemicals owing to their unique physical,
quantum, and nuclear properties [1]. Because of its large mass
difference, nonradioactive nature, and stable characteristics, D
is often employed for the synthesis of diverse D-labeled com-
pounds that have been recognized as indispensable research
tools in the life, environmental, and material sciences.

In semiconductor technologies, specificity differences be-
tween H and D can be observed on metal or semiconductor
surfaces. Fundamental scanning tunneling microscopy studies
[2,3] have revealed that a D-terminated silicon surface (Si-D)
has a lower probability for desorption (∼100-fold) than a H-
terminated silicon surface (Si-H) [4,5]. Although the physical
mechanism responsible for this large isotope effect remains an
open question, the quantum coupling of the bending modes of
Si-D to the bulk Si phonon is considered to play an impor-
tant role in desorption and adsorption processes [6–8]. This
discovery inspired the idea of passivating Si-dangling bonds
with D instead of H, which is greatly beneficial because D
passivation significantly extends and improves the cycle life
of Si semiconductors, microchips, and solar cells [9–14].

Despite the many promising applications of D atoms, D
reagents have conventionally been produced by electrolysis,
which requires large amounts of energy [15]; therefore, com-
mercially available reagents are not cost competitive. Other
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methods, such as the reactions of various metals, have tradi-
tionally been employed to generate D atoms on the laboratory
scale. These reagents have some drawbacks, as they are toxic,
produce large amounts of waste, and require high reaction
temperatures [16]. To overcome these disadvantages, a num-
ber of metal-catalyzed H-D exchange reactions based on
rare transition metals [17–21] or transition metal compounds
[22–24] have been developed to synthesize D-labeled com-
pounds. However, as these reactions require scarce resource
rare metals, various issues need to be resolved to realize
sustainable, economical, and environmentally friendly D en-
richment protocols.

Here, we report an efficient exchange reaction from H to
D termination on the surface of nanocrystalline Si (n-Si).
We achieved fourfold enrichment of D termination using a
dilute D solution. To precisely estimate the reaction rates,
the zero-point energies of the localized vibrational modes
were identified using inelastic neutron scattering (INS) spec-
troscopy, which can provide crucial information on the
localized vibrational dynamics of H or D nuclei [25–28].
Based on the surface-localized vibrational modes for H- and
D-terminated n-Si, as determined using INS spectroscopy,
we found that the physical mechanism of the observed en-
richment originates from the difference in the zero-point
oscillation energies and entropies of the surface-localized vi-
brations. The configuration free energy for reaction activation
was derived from quantum mechanically calculated internal
energies and entropies (QMCIE) based on these localized
vibrational modes. This calculation revealed that the extent
of enrichment could be greatly enhanced (∼15 times) using a
gas-phase reaction.
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FIG. 1. Nanostructure characterization. (a) Small-angle x-ray scattering (SAXS) intensity (solid circles), size distribution (lower inset), and
lattice image obtained by transmission electron microscopy (TEM) analysis (upper inset). (b) Infrared phonon and Si-H vibrational spectrum
obtained by Fourier transform infrared (FTIR) measurement. Localized vibrational modes for (c) n-Si:H and (d) n-Si:D obtained by inelastic
neutron scattering (INS) spectroscopy. B and S denote bending and stretching modes, respectively. The broad band observed between 0 and
20 meV originates from acoustic Si phonons.

II. NANOSTRUCTURE FABRICATION AND
CHARACTERIZATION

A. Electrochemical anodization and nanostructure
core characterization

Here, n-Si films were formed by electrochemical an-
odization [29,30]. All samples were formed on p-type (100)
oriented crystalline Si wafers with resistivities of 3–5 � cm.
Thin Al films were evaporated on the back of the wafers to
form a good ohmic contact, and a platinum mesh was used
for the anodization cathode. The film was fabricated in the
dark to avoid oxidation using a hydrofluoric acid (HF)-ethanol
solution (HF/H2O/C2H5OH = 25 : 45 : 30, volume ratio;
ultrahigh-purity HF acid supplied by Stella Chemifa Corpo-
ration, Japan) by applying a positive bias to the substrate with
a constant current density in the range of 10 mA/cm2 for

60 min. The D-terminated n-Si films (n-Si:D) were prepared
in the same manner using deuterated electrolyte solutions.

Figure 1(a) shows the results of small-angle x-ray scatter-
ing (SAXS) measurements. The SAXS intensity I(q) (circles)
as a function of wave number q(nm−1) determined for the
n-Si films provides information on the size distribution and
the average radius of the n-Si film. The lower inset in Fig. 1(a)
shows the size distribution N(R), which was determined from
the theoretically fitted SAXS intensity curve (solid line) ob-
tained using a polydisperse hard spherical nanocrystalline
model [30,31]. The average radius was estimated to be
1.05 nm. We also evaluated the crystallinity by transmission
electron microscopy (TEM) analysis, and the lattice image is
shown in the upper inset of Fig. 1(a). The lattice image of n-Si
reveals an atomic spacing of 0.3 nm, which corresponds to the
Si (111) interplanar spacing.
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B. Characterization of nanostructure surface termination
by Fourier transform infrared and INS spectroscopies

Figure 1(b) shows the infrared phonon and Si-H vi-
brational spectrum obtained by Fourier transform infrared
(FTIR) measurements. Generally, FTIR probes the elec-
tric dipole moment, which is larger at the surface of
n-Si than in the n-Si lattice core; therefore, Si-H vibra-
tional modes show stronger absorbance than optical phonon
modes. For example, optical phonon bands (O = 500 cm−1)
show weak absorbance. In contrast, the Si-H bending mode
(H2B = 650 cm−1), Si-O-H bending mode (P = 800 cm−1),
H-Si-H scissor mode (Sc = 905 cm−1), Si-O-Si stretch-
ing mode (Q = 950–1150 cm−1), C-H deformation mode
(R = 1250 cm−1), and Si − HX stretching modes (H2S :
Si − H = 2075 cm−1, Si − H2 = 2090 cm−1, and Si − H3 =
2125 cm−1) show strong absorbance. No absorbance was
observed in the region of 1500 cm−1(= 2100 cm−1/

√
2).

Therefore, when H atoms are replaced by D atoms during the
exchange reaction between Si-H and HDO, clear evidence of
this reaction should be observable in this spectral region.

It should be noted that the overlap between various phonon
modes such as bulk Si phonons and surface vibrations in
the low energy region <800 cm−1 prevents clear resolution
and spectral assignment of the surface vibrations using FTIR
spectroscopy [32,33]. In contrast, INS spectroscopy provides
clear spectra for the Si-H and Si-D vibrations as well as the
bulk Si phonons because both the cross-sections (σH = 82.02
barn, σD = 7.64 barn, and σSi = 2.12 barn [34]) and mo-
mentum transfer dependence (originating from the difference
in mass) are significantly different for these atoms (Si, H,
and D). Therefore, we determined the surface vibrations for
both Si-H and Si-D (bending and stretching modes) by INS
spectroscopy.

INS measurements were performed for the n-Si:H and
n-Si:D films using a time-of-flight (TOF) MARI chopper
spectrometer at the ISIS Facility at the Rutherford Appleton
Laboratory. We measured the contour plots of the dynamic
structure factor S(Q, h̄ω) [scattering intensity (S), energy (h̄ω),
and momentum-transfer (Q) axis] for n-Si at 50 K with an
incident neutron energy Ei of 0.1 eV. Figures 1(c) and 1(d)
show the contour plots of the scattering intensity S(Q, h̄ω) as
a function of momentum transfer Q and energy h̄ω for n-Si:H
and n-Si:D, respectively. Here, the momentum transfer vector
Q is defined as Q = ki − k f (Q = |ki − k f |) with ki = 2π/λi

and k f = 2π/λ f , where λi and λ f are the incident and scat-
tered wavelengths, respectively. The neutron energy transfer
is E = h̄ω. The inelastic scattering peaks at the energy levels
of h̄ω = 650 cm−1 [H2B: dominated by H motion (80%)] and
485 cm−1 [H1B: dominated by Si motion (80%), and H1S:
dominated by Si motion (96%)] in Fig. 1(c) can be assigned
to higher (H2B) and lower (H1B) energy bending vibrations
of the XY plane and a lower energy stretching vibration (H1S)
in the Z direction. The higher energy stretching vibration
has an energy of 2100 cm−1 [H2S: dominated by H motion
(96%)], as shown in the FTIR spectrum in Fig. 1(b). The
above percentages were determined using the weight (coef-
ficient) of the Si-H normal modes. The peak position of these
vibrational levels is Q = 6.5 Å−1, whereas the peak positions
of the longitudinal optical and transverse optical phonon states

are Q � 13 Å−1 (not shown). Furthermore, the higher order
energy levels of these states (H1B, H2B, and H2S) were found
to be equally separated by nh̄ω (n: integer) [35]. Therefore,
these localized surface vibrations can be described by the six
freedom of Si-H normal modes, and the harmonic oscillators
quantitatively express the H dynamics in coordination with the
Si motion with an energy of E (H)

i = [n(H)
i + 1/2]h̄ω

(H)
i , where

subscript i denotes the type of vibrational mode.
Figure 1(d) shows the contour plot for n-Si:D. In addition

to the spectrum originating from the H vibration (H2B), spec-
tra are clearly observed at energy levels of h̄ω = 540 cm−1

[D2B: dominated by Si motion (80%)], 485 cm−1 [D1S: dom-
inated by Si motion (92%)], and 410 cm−1 [D1B: dominated
by D motion (80%)]. The higher energy stretching vibration
has an energy of 1525 cm−1 [D2S: dominated by D motion
(92%)], as shown in the FTIR spectrum in Fig. 2(b). These
spectral modes coincide with the eigenenergies of Si-D nor-
mal mode oscillation. The scattering originating from H or
D atoms can be understood based on the peak positions in
the energy-sliced spectrum as a function of Q. The peak
position of the vibrational levels originating from D atoms
is Q = 8.0 Å−1, which is quite different from that of the
vibrational levels originating from H atoms (Q = 6.5 Å−1).
These spectra and the energies are well described by har-
monic oscillators with the same force constant as H. Thus,
the energy levels of Si-D vibrations can be expressed as
E (D)

i = [n(D)
i + 1/2]h̄ω

(D)
i . Here, we note that the scattering

cross-section of the H atoms in the INS measurements is
>10 times larger than that of the D atoms (σscatt

(D)/σscatt
(H) ≈

7.64/82.03 [34]); therefore, despite the lower concentration of
H atoms (<10%), the Si-H mode results in an intense S(Q, h̄ω)
spectrum, as shown by the H2B mode in Fig. 1(d). The ener-
gies of the stretching and bending modes for the Si-H and Si-D
vibrations are summarized in Table I. For comparison, Table I
also includes previously calculated and observed values for
the Si-H and Si-D vibrational energies [33,35–39]. Few data
are available for the Si-D vibrational frequencies, especially
for the Si-D bending modes [33,36,37]; however, both the
Si-H and Si-D vibrational frequencies obtained here are 1–3%
higher than those theoretically calculated for a Si(111) surface
[38,39]. We consider this difference to be due to the relaxed
surface structure with various crystal planes in n-Si.

C. Preparation of standard samples and evaluation of D ratio by
TOF secondary ion mass spectrometry and FTIR measurements

Before performing D enrichment experiments, we pre-
pared 0, 5, 10, 15, and 20% deuterated n-Si thin films via
anodization using D2O (0, 5, 10, 15, and 20%) in a mixed
HF-ethanol solution. These films constituted standard sam-
ples to determine the ratio of D termination. We evaluated
the ratio of D termination for these standard samples by
FTIR spectroscopy and TOF secondary ion mass spectrom-
etry (SIMS). Here, the TOF-SIMS depth profile from the
surface to a depth of 1 μm was obtained by sputtering the
film with 2 keV Cs+ over a 500 × 500 μm region. We used
a 30 keV Bi3+ beam operated at 0.5 μA for the primary ion.
Figure 2(a) shows the attenuated total reflectance (ATR) spec-
tra of the 0%-deuterated (blue line), 10%-deuterated (green
line), and 20%-deuterated (red line) n-Si thin films in the wave
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FIG. 2. Fourier transform infrared (FTIR) and secondary ion mass spectrometry (SIMS) measurements. (a) Attenuated total reflectance
(ATR) spectra of 0% (blue line), 10% (green line), and 20% (red line) deuterated n-Si thin films. (b) Detailed ATR spectra of Si-D stretching
modes (0%: blue line, 5%: yellow line, 10%: green line, 15%: purple line, 20%: red line). (c) Correlation between the D termination ratio
[SiD]/([SiD] + [SiH]) and the D2O concentration in the anodization electrolyte (0, 5, 10, 15, or 20%), as evaluated by ATR (red circles) and
SIMS (blue circles) measurements.

number region from 600 to 2300 cm−1. The spectra exhibit Si-
H bending (650 cm−1), Si-O-H bending (800 cm−1), H-Si-H
scissor (905 cm−1), Si-O-Si stretching (950–1150 cm−1), C-H
deformation (1250 cm−1), Si-D stretching (1480–1570 cm−1),
and Si-H stretching (2000–2200 cm−1) modes. The intensity
of the Si-D stretching mode (1480–1570 cm−1) increased
with increasing concentrations of D2O in the HF-ethanol
solution, whereas the intensity of the Si-H stretching mode
(2000–2200 cm−1) decreased. A strong absorption band for
the Si-D bending mode, which overlaps with the bulk Si
phonon and the Si-H bending modes, could not be clearly
observed in the FTIR measurements.

Detailed ATR spectra for the Si-D stretching mode are
shown in Fig. 2(b). This spectral mode, which increases with
increasing D2O concentration in the HF-ethanol solution (0%:
blue line, 5%: yellow line, 10%: green line, 15%: purple line,
20%: red line), is composed of three peaks: Si-D stretching
(1515 cm−1), Si − D2 stretching (1535 cm−1), and Si − D3

stretching (1557 cm−1). Here, we note that the relative intensi-
ties of these three peaks show a weak dependence on the D2O
concentration. This result indicates that Si − D2 has a more
stable configuration energy than Si-HD and that the surface

termination structure changes slightly depending on the D2O
concentration.

The proportion of D in each sample was analyzed based
on the total spectral area of these Si-D stretching modes vs
that of the Si-H stretching modes. The oscillator strength
and the spectral sensitivity of the Si-H and Si-D stretching
modes are different. Therefore, to compare the ratio of D
in n-Si determined by FTIR with the D2O concentration,
the Si-D absorbance was calibrated using ND/(NH + ND) =
η

∫
ωD

α(h̄ω)
h̄ω

d (h̄ω)/[
∫
ωH

α(h̄ω)
h̄ω

d (h̄ω)+η
∫
ωD

α(h̄ω)
h̄ω

d (h̄ω)], where
η values of 2.8 and 1.4 were chosen for ATR-FTIR and
reflection-FTIR (R-FTIR) measurements, respectively. These
values were evaluated based on the previously reported FTIR
absorbance for fully D-terminated n-Si films [32,33,40–42].

Based on the values estimated by ATR (red circles) and
SIMS (blue circles), a correlation curve between the D termi-
nation ratio [SiD]/([SiD] + [SiH]) and the D2O concentration
(0, 5, 10, 15, and 20%) was constructed [Fig. 2(c)]. Both
estimations were performed for a 1-μm-thick layer from the
surface of the film (2-μm-thick film), and the D profile of
the SIMS data was averaged over the same 1-μm-thick layer.
Both measurements showed that the D termination ratio on

TABLE I. Vibrational energies of Si-D and Si-H terminations. Theoretically calculated and experimentally observed values for the Si-H
(111) and Si-D (111) vibrational energies are given for comparison [35–39]. NO denotes not observed in previous studies.

Si-H observed Si-D observed Si-H (111) Si-D (111) Si-H calcd Si-D calcd

1B 485 410 NO 415 476 412
2B 650 540 626 537 628 520
1S 485 485 NO NO 480 480
2S 2100 1525 2083 1516 2120 1525
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FIG. 3. Deuterium enrichment. (a) Absorbance spectra as a function of dipping duration (0 s: blue, 1000 s: green, 10 000 s: red). (b) Detailed
attenuated total reflectance (ATR) spectra of Si-D stretching mode as a function of dipping duration (0 s: blue, 500 s: yellow, 1000 s: green,
5000 s: purple, 10 000 s: red). (c) D termination ratio as a function of dipping duration in 5% [blue circles: reflection-Fourier transform infrared
(R-FTIR)], 10% (green circles: ATR-FTIR, brown circles: R-FTIR), and 20% (red circles: R-FTIR) D2O solutions obtained from FTIR
absorbance. For comparison, the secondary ion mass spectrometry (SIMS) data points obtained in 10% D2O solution are shown (orange
circles). The theoretically calculated lines that describe the D termination ratio [SiD]/([SiD] + [SiH]) as a function of dipping duration
for 5% (blue line), 10% (green line), and 20% (red line) D2O solution were fitted using reaction rates of kH = 2 × 10−3 cm3/s and
kD = 5 × 10−4 cm3/s.

n-Si is linearly proportional to the D2O concentration. This
linear correlation indicates that FTIR absorbance measure-
ments can be used to obtain a quantitative estimate of the D
termination ratio.

III. H-TO-D EXCHANGE REACTION EXPERIMENTS

Using standard samples for which the D termination ratios
had been determined by both FTIR and SIMS, we performed
exchange reaction experiments. Here, H-to-D exchange was
performed by dipping the n-Si:H films into a mixed D2O-
HF-ethanol solution [HF/H2O/D2O/C2H5OH = 25 : 25 +
(20−ξ ) : ξ : 30], where the volume of D2O, denoted by ξ ,
was varied from 0 to 20% (0, 5, 10, and 20%). Figure 3(a)
shows the absorbance spectra as a function of dipping duration
(0 s: blue, 1000 s: green, and 10 000 s: red). By dipping the
n-Si:H film into a 10% D2O-HF-ethanol solution (ξ = 10%),
H termination was partially replaced by D termination. The
replacement ratio increased with increasing dipping duration,
as shown by the spectral growth of the Si-D stretching mode
(1480–1570 cm−1) indicated by the dotted arrows. The de-
tailed FTIR spectra of the Si-D stretching mode as a function
of dipping duration shown in Fig. 3(b) clearly reveals the time
evolution of D termination enrichment. That is, when n-Si:H
was dipped into a dilute 10% D2O solution, the intensity
corresponding to D termination rapidly increased over the first
1000 s. Subsequently, the rate of increase decreased and satu-
ration occurred at ∼5000–10 000 s. Plotting the D termination
ratio, obtained by ATR-FTIR (green circles), R-FTIR (orange
circles), and SIMS (brown circles), as a function of dipping
duration [Fig. 3(c)] clearly revealed that the D termination
ratio exceeded 30% despite using a 10% D2O solution. This

experimental result provides strong evidence that D isotope
enrichment occurred on the surface of n-Si.

Based on previous studies [37,40–43] in which the
D or H termination on Si was supplied from water,
we considered the exchange reaction as SiH + HDO �
SiD + H2O. Here, we define the rate of this reaction
from left to right as kH and from right to left as kD.
In this case, the rates of Si-D and Si-H formation are
expressed as d[SiD]/dt = kH[SiH][HDO] − kD[SiD][H2O]
and d[SiH]/dt = −kH[SiH][HDO] + kD[SiD][H2O], respec-
tively, where [SiD] and [SiH] are the densities of Si-D and
Si-H terminations (cm−2) and [HDO] and [H2O] are the con-
centrations of HDO and H2O per volume (cm−3). The D
termination ratio [SiD]/([SiD] + [SiH]) can be obtained by
solving both differential equations. The theoretical line that
describes the D termination ratio is well fitted by reaction
rates of kH = 2 × 10−3 cm3/s and kD = 5 × 10−4 cm3/s, as
shown by the solid green line in Fig. 3(c). Based on this
theoretical fitting, we found that the exchange reaction from
left to right proceeds four times faster than that from right
to left. Here, we note that D atoms are supplied from HDO
water molecules. As a path to D termination, HDO and/or DF
contribute to the exchange reaction. In this case, it is likely
that D termination originates from DF; however, in the reac-
tion HF + D2O � DF + HDO, the enthalpy of this process is

H = −0.65 kJ/mol [44–46], resulting in a weak exothermic
reaction. In contrast, in the reaction D2O + H2O � 2HDO,
the enthalpy is 
H = −3.1 kJ/mol [45,46], resulting in a
strong exothermic reaction. Therefore, we consider D atoms
to be supplied by HDO molecules.

To confirm this reaction model, we performed D2O
concentration-dependent experiments. Figure 3(c) shows the
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TABLE II. Zero-point oscillation energies, entropies, and the
chemical potentials of Si-D and Si-H terminations. These values
were calculated at T = 300 K. These values are given in kJ/mol.

2S 1S 2B 1B Entropy Chemical potential

SiD 18.33 5.79 6.46 4.92 3.28 20.27
SiH 25.08 5.79 7.62 5.79 2.66 26.88

D termination ratio (determined by FTIR absorbance) as a
function of dipping duration in 5% (blue circles) and 20%
(red circles) D2O solutions in addition to the 10% D2O
solution. The theoretically calculated lines fitted using the
above-determined reaction rates describe all the behaviors of
the D termination process. However, some systematic discrep-
ancies between the experimental results and the theoretically
calculated lines at lower (5%) or higher (20%) concentrations
indicate that kH and kD are not constant but have some con-
centration dependence. However, we will not consider this
concentration dependence of the reaction rates in detail be-
cause we are interested in the enrichment of naturally existing
rare D elements.

IV. QUANTUM THEORY OF ISOTOPE EXCHANGE
REACTION RATES

Based on the theory of chemical kinetics [47,48], the ra-
tio of the reaction rates kH/kD can be expressed as kH/kD =
(θH/θD)exp[−(
G)/(RT )]. In this equation, R is the gas con-
stant, T is the temperature (K), θH and θD are parameters that
depend on both the vibrational frequency and the temperature,
and 
G (kJ/mol) is the difference in the chemical potential be-
fore and after the reaction, described as 
G = μSiD + μH2O −
μSiH − μHDO. In this equation, μSiD is expressed based on the
quantum mechanical zero-point oscillation and the entropy
terms as [47,48]

μSiD =
∑

i

⎧⎪⎨
⎪⎩

(
1

2
h̄ωSiD

i

)
− RT ln

[
1 + exp

(
h̄ωSiD

i

RT

)]

− h̄ωSiD
i[

exp
(

h̄ωSiD
i

RT

)
+ 1

]
⎫⎪⎬
⎪⎭, (1)

where the sum denoted by i includes all the Si-D vibrational
modes (h̄ωi) such as bending and stretching modes. The μSiH

term can be calculated by replacing D with H. The chemical
potential of water is known to be μH2O = −237.2 kJ/mol and
μHDO = −241.9 kJ/mol [44–46]. The zero-point oscillation
energies, entropies, and the chemical potentials obtained from
the above calculation are summarized in Table II, where each
value is given in units of kJ/mol, and the values are calculated
at T = 300 K. The value of the zero-point oscillation energy
used here was based on the values determined by INS mea-
surements. Finally, the difference in the free energy 
G was
estimated to be −1.88 kJ/mol. From this value, we evaluated
the θH/θD ratio to be 2 based on kinetic isotope analysis
[49,50] and Streitwieser’s approximation [51]. By substituting
these values (
G and θH/θD) into Eq. (1), the kH/kD ratio was

determined to be 4.2, which coincides with the experimentally
observed ratio of 4. We note here that, if the effect of the
bending modes is excluded, which is generally omitted for the
evaluation of isotope exchange reaction rates [48,52], kH/kD

becomes 1.6. Therefore, we consider the bending modes to
play a crucial role in the high rate for the isotope exchange
reaction on the surface of n-Si.

V. PROTOCOLS FOR D ENRICHMENT ON n-Si

For isotope exchange reaction experiments performed in
the liquid phase, we attained a fourfold increase in the D
adatom concentration. This enrichment factor agreed well
with the theoretical value estimated by considering the zero-
point oscillation energies of the surface bending modes as well
as the stretching modes. If we consider the replacement of
D adatoms on the surface of n-Si:H in the gas phase, such
as in a mixture of H2 and HD, a much higher D adatom
concentration is theoretically obtained based on the analysis
in Sec. IV. The difference in the chemical potential before and
after the reaction in the H2 and HD gas phase can be described
as 
G = μSiD + μH2 − μSiH − μHD. For this theoretical cal-
culation, the μSiD and μSiH values in Table II can be used, and
the chemical potentials of H2 and HD gas are known to be
μH2 = 0 kJ/mol and μHD = −1.46 kJ/mol [44–46]. Thus, the
difference in free energy 
G in the gas phase is estimated to
be −5.12 kJ/mol, which is larger than that in the liquid phase.
Moreover, this value gives a high separation ratio kH/kD of
15.6. We note here that this value coincides with the previous
calculation for a Si surface [53].

Here, we propose a gas phase enrichment scheme using
n-Si. Figure 4 shows protocols for D enrichment on the sur-
face of n-Si in both liquid and gas phases. As shown in
Fig. 4(a) for a natural water system, naturally occurring D
isotopes (0.015% [54]) can be concentrated on the surface at a
degree of ∼0.06%. The n-Si used in this experiment contains
∼2.1 × 1022 H atoms/g [55]. Therefore, this process captures
1.3 × 1019 D atoms/g on the surface of n-Si. Next, to enrich
the D atoms, the gas phase reaction is considered. For exam-
ple, upon transferring n-Si to a vacuum chamber, the H and D
adatoms on the surface can be desorbed by heating. To desorb
the D and H atoms from the surface, it is necessary to heat
n-Si from 300 to ∼600 K [56–58]. As shown in Fig. 4(b), the
desorbed gas with a D concentration of 0.06% is concentrated
to ∼0.94%. After reheating to desorb and adsorb the D and H
atoms, as shown in Fig. 4(c), the concentration of D adatoms
becomes ∼15%. We consider this simple exchange process
on the surface of n-Si to offer sustainable, economical, and
environmentally friendly D enrichment protocols. To realize
this enrichment protocol efficiently, it is necessary to reduce
the activation energy for the dissociation of H2 on Si surface.
Gas-phase enrichment using n-Si is currently under investiga-
tion and will be reported elsewhere.

VI. CONCLUSIONS AND OUTLOOK

We have demonstrated an efficient exchange reaction from
H to D termination on the surface of n-Si to achieve a fourfold
enrichment of D termination. The physical mechanism of D
enrichment on n-Si was clarified based on QMCIE, and the
difference in the zero-point oscillation energies and entropies
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(a) (b) (c)
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0.06%

n-Si
1%

Desorption
& 

Adsorption
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1%
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FIG. 4. Proposed deuterium enrichment protocol using n-Si (the pink, blue, red, and green atoms correspond to H, Si, D, and O,
respectively). (a) D enrichment occurring in natural water. Naturally occurring D atoms (0.015%) can be concentrated on the surface to a degree
of ∼0.06%. (b) n-Si is transferred to a vacuum chamber, and then H and D adatoms on the surface are desorbed by heating. The desorbed
gas with a D concentration of 0.06% is enriched to a degree of ∼1% in the gas phase. (c) Second desorption and adsorption treatment. The D
concentration is increased to a degree of ∼15% in the gas phase.

of the surface-localized vibrations between Si-H and Si-D
was found to be crucial for this efficient exchange reaction.
Similarly, the enrichment for other group IV semiconductors
can be estimated, e.g., as 2.1 for C (diamond) and 2.8 for Ge
using previously reported values for the vibrational energies
of C-D [59,60], C-H [61–63], Ge-D [6,7,64–66], and Ge-H
[6,7,64–66]. The theoretically estimated enhancement factors
for C and Ge are smaller than those for Si, which can be
understood from the difference in the energy between the
bending modes and the bulk phonon frequency. That is, C
has a higher bulk phonon frequency than the bending modes
of C-H and C-D, and only the stretching mode contributes
to the chemical potential. In contrast, Ge has a lower bulk
phonon frequency than the Ge-H and Ge-D bending modes;
therefore, both bending modes show a localized vibrational
character. A much higher exchange reaction rate can be
expected by using the antibonding state of Si-H (6–7 eV)
because an extremely large isotope effect is observed on the
Si surface [3,4]. Thus, the exchange reaction occurring on the
surface of n-Si offers simple and economical D enrichment
protocols.

Finally, we note here that tunneling effects are gener-
ally not considered in primary exchange reaction processes
[52,53,67]. However, this phenomenon is known to greatly
influence H-D substitution effects in chemistry [23,67–69].
The exchange reaction rate deviating from classical behavior
may appear as a nonlinear Arrhenius plot at a low-temperature
regime, and this is now under investigation.
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