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While the phonon-drag effect can induce large Seebeck coefficients, it is associated with large mean free path
phonons present in the vicinity of the maximum in temperature of the lattice thermal conductivity. In this paper,
we initiate a new route by searching for the mutual drag between the electron and phonon-drag gases at the
interface between two different media. In that respect, the temperature studies of the conductance and Seebeck
coefficient of a model system consisting of an electrically conductive graphitic channel buried beneath the

surface of a diamond crystal are shown. The observed behaviour is very similar to that of graphite, with a typical
negative peak associated with the phonon-drag effect. Interestingly, this phonon-drag peak of the buried
graphitic channel appears at a significantly higher temperature than that in pure graphite.

1. Introduction

Ion implantation is a useful tool in the semiconductor industry used
to create p-type and n-type preselected regions in a semiconductor [1,2].
In most semi-conducting materials like Si and Ge, the displaced atoms in
the collision cascade return to their lattice atomic positions because the
vacancies and interstitials have similar activation energies for their
mobility. Subsequent annealing in such materials recovers the original
lattice structure by solid-phase epitaxial regrowth [3]. Similar implan-
tation processes have been used to dope diamond. The challenges are
that in diamond, the sp® bonds that are broken during implantation are
more likely to assume an sp? configuration. Because the interstitials are
mobile at lower temperatures while the vacancies only become mobile
above 500 °C it becomes unlikely to recover the diamond structure after
annealing if the radiation damage exceeds a critical level [4-8]. In the
energy regime for the implantation used in this study, solid-phase
epitaxial regrowth of diamond is not observed at any annealing tem-
perature at ambient pressure. Similar behavior has been observed in
studies using MeV ion implantation [9]. This effectively means that one
can use ion implantation to transform diamond to an amorphous/-
graphitic carbon state. By a judicious choice of energy and fluence, one
can create buried amorphous channels below the diamond surface.
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When the level of damage density surpasses a critical point, often
referred to as the ”graphitization threshold”, and subjecting the
damaged structure to high-temperature thermal annealing, the amor-
phous/graphitic volume displays ohmic conductivity. Instances of such
behavior can be observed in the case of buried conductive channels
formed through MeV ion implantations, as discussed in Refs. [5,10].
Conversely, when the damage density falls short of the critical threshold
and/or the sample is not subjected to high-temperature annealing, the
conduction mechanism within the resulting amorphized layers can be
described using more complex models based on variable range hopping.
This was initially explored by Hauser et al. [11,12] and further inves-
tigated by Prins [13,14]. In this scenario, unlike the former case where
conductivity is clearly attributed to band-like charge transport within a
graphite-like medium, models that are more intricate must be employed.
Detailed works by Kalish et al. [15-17] and other research groups
[18-20] have delved into this, extracting various characteristic energies
for hopping transitions from the temperature-dependent resistivity data.

The mutual drag between electrons and phonons under the effect of a
temperature gradient or a current results from a coupling between the
two Boltzmann transport equations for electrons and phonons due to
electron-phonon coupling. It amplifies the Seebeck and Peltier co-
efficients and this is generally observed at low temperatures when the
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phonon mean free paths are large, i.e. in the vicinity of the maximum in
temperature of the lattice thermal conductivity. Electrical conducting
channels embedded in an insulating diamond matrix provide a model
system for re-exploring the phonon-drag effect for thermoelectricity, in
conjunction with recent theoretical [21-23] and experimental [24-27]
works showing the possibility of amplifying the thermoelectric power
factor using the phonon-drag effect in the Seebeck while maintaining
low thermal conduction. Indeed, it allows to explore the effects of
electron-phonon interaction at interfaces, and in particular the existence
of a mutual drag between the electron and phonon gases on either side of
the interface when a temperature gradient is applied. An example of
such substrate effect on the position and amplitude of the phonon-drag
peak was reported in thin films of Bi;Teg [28]. As far as we can ascertain
from published literature, the behaviour of the Seebeck coefficient (S) of
a conducting buried channel at low temperatures has not been studied.

In this paper, we report measurements of the Seebeck coefficient and
resistivity in a 145 nm thick channel buried 200 nm below the surface of
a diamond crystal. The room temperature conductance measured in the
sample is in the range of graphite and its temperature dependance re-
flects the presence of extended conductive regions. The Seebeck coeffi-
cient shows a behavior very similar to graphite, with a negative peak at
low temperatures associated with a phonon-drag effect at a significantly
higher temperature than that in pure graphite.

2. Experimental
2.1. Implantation and annealing

A CVD single crystal diamond with polished faces oriented in {100}
and of dimension 3 x 3 x 0.3 mm? polished on one side was purchased
from Element Six. The implantation was done at iThemba LABS, Gau-
teng, South Africa with a Varian 200-A2F ion implanter equipped with
an experimental end-station. The implantation was done on the polished
face with He ions at an energy of 80 keV to a fluence of 3 x 10 ions.
em 2. The choice of He in this study was used because it is chemically
inert and will not induce any chemical changes in the implanted volume
and hence all changes can be attributed to the redistribution of the
carbon atoms and their chemical bonds in the implanted range. The
target was fixed on a target holder inside a vacuum chamber of a typical
pressure of ~ 107® mbar. A scanned beam of current density of ~ 103
ions.s~! was used and the sample was oriented at 5° to the direction of
the beam. The sample was cooled to liquid nitrogen temperature before
the implantation and kept at liquid nitrogen prior to annealing in a
preheated crucible at 1200 °C in an argon atmosphere. The full
annealing process for cold implantation rapid annealing (CIRA) is
described in Ref. [4]. After annealing, the diamond was cleaned by
boiling in an oxidizing acid solution for about 20 min and rinsed in
deionized water [29]. The sample was implanted over the entire surface
but later mechanically filed along the edges. This was done to ensure
that the edges, which are conductive as supplied by Element Six, do not
influence the transport measurements done through the surface. By fil-
ing the edges we were able to isolate the implanted surface by removing
the conductive layer which is created during the laser kerf of the
supplier.

2.2. SRIM

To determine the position of the amorphous region created due to the
chosen implantation conditions, the simulated damage as predicted by
SRIM (Stopping range of ions in matter) [30] has been determined to be
where the simulated damage density exceeds a value which is between 1
and 9 x 10%2 vac.cm™® [9,31-34]. SRIM is a Monte Carlo simulation
used to predict two aspects of ion implantation: the maximum range
reached by the implanted ions and the resulting damage profile within
the target material. Any region within the simulated damage density (1
— 9 x 10% vac.cm*3) will transform into amorphous carbon after
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annealing above 600 °C [31,34-36]. For high enough fluences implan-
ted at ambient pressure and temperatures below 500 °C the trans-
formation of diamond to amorphous carbon takes place during the
implantation process. The diamond implanted at these high fluences at
the conditions described earlier becomes black after implantation.
Fig. 1a illustrates an example of a simulated damage profile, quantified
in terms of vacancies/cm®, as a function of depth. This profile was
generated through a SRIM simulation for an implantation of He ions
with an energy of 80 keV to a fluence of 3 x 10 vac.cm~2 into diamond
(C 3.515 g cm™>) at a displacement energy of 50 eV. In this simulation,
the full damage cascades calculation was used to generate the damage
profile.

In order to estimate the width of the amorphous region after im-
plantation and annealing, a bright field Transmission Electron Micro-
scopy (TEM) image was obtained from the implanted sample (Fig. 1b). A
lamella of the implanted volume from the diamond surface to a depth far
beyond the implantation range was extracted from the sample using
Focused Ion Beam (FIB) milling with a FIB Zeiss NVision 40 at Lyon Saint
Etienne Microscopy Consortium (CLYM). The lamella was thinned to be
electron transparent and a Precision Ion Polishing System (PIPS) was
used to clean the lamella before imaging. The cross-sectional TEM im-
ages were recorded at 200 kV with a JEOL 2100 microscope with a LaB6
electron source located at the Institute of Light and Matter (ILM). The
contrast seen in Fig. 1b is dominated by increased elastic scattering of
electrons out of the direct transmitted beam in the regions with long
range order. The absence of Bragg diffraction in the disordered region
means that more electrons passing through this region remain unde-
viated, therefore the disordered region appears brighter in the bright
field image; where region B corresponds to non-crystalline material
while regions A and C correspond to crystalline diamond [9,37]. The
depth established from the TEM (& 200 nm) was correlated with the
corresponding damage density in our simulated damage profile
(Fig. 1a). This density corresponds to the threshold of permanent dam-
age and was found to be & 6 x 10?2 vac.cm° for these implantation and
annealing conditions. Using this threshold, the simulation shows that
the damage starts at a depth of ~ 200 nm below the surface of the dia-
mond and extends to a depth of & 305 — 310 nm leaving us with a
damage region that is ~ 100 nm thick. However, from the TEM image
after 1200 °C annealing (Fig. 1b), it is observed that the width of the
damage is about # 140 — 150 nm. There is therefore around 40 — 50 nm
of amorphous carbon in the sample that is not accounted for in the TRIM
simulation. The implantation and annealing process creates a less denser
material which causes swelling of the implanted volume [7,9,38-43].
The additional 50 nm observed in the TEM images is associated with the
swelling of the amorphous region.

2.3. Resistance and Seebeck measurements

Metallic electrodes were implemented to ensure ohmic contact with
the buried region for the study of its electric and thermoelectric prop-
erties. The implemented method to create the electrodes on this sample
included milling holes in the diamond using FIB. The milled holes (four
small squares appearing inside the pads in Fig. 2a) were 100 x 100 pm?
and the depth extended to an average of 600 nm which was beyond the
extent of the implanted range. The holes were then filled with a metal
stacking of 350 nm of Titanium (Ti), 50 nm of Chromium (Cr), and
finally 150 nm of Gold (Au). The metal desposition was followed by an
annealing at 450 °C [44-46]. The implemented electrodes are shown in
Fig. 2a with the squares inside the pads showing where the FIB milled
holes are located (highligheted in Fig. 2a with the red dashed squares).

In-plane impedance measurements were carried out between the two
electrodes and from the surface, with connections placed at a spacing
identical to that between the electrodes. In this geometry (2-wire elec-
trical measurement), the measurement is mostly dominated by the
contact resistance. From the measurement, we can see that the real part
of the impedance (Re(Z)) is constant as function of frequency reflecting
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(b)

Fig. 1. (a) Damage profile (vacancies/cm® as a function of depth) predicted by the SRIM. The corresponding width of the amorphous channel (~ 100 nm) in the
implanted and annealed region is predicted to be below the surface of the diamond from a depth of ~ 200 nm (left vertical line) to a depth of & 300 nm (right vertical
line) for the chosen threshold of 6 x 10?2 vac.cm™> lying within the 1 — 9 x 10?2 vac.cm 2 range. (b) A bright-field TEM micrograph of the sample (annealed at
1200 °C revealing the buried channel (disordered carbon/amorphous region) of a thickness of 145 nm embedded in a crystalline diamond at a depth of approximately
200 nm. Three insets display selected area electron diffraction (SAED) patterns for regions A and C, illustrating the diamond structure in the same orientation. Two
bright arcs close to the center of the SAED inset for region B indicate partial alignment of basal planes from bent (002) graphitic structures [37].
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Fig. 2. (a) Optical image of the sample with metallic pads, the small squares inside the pads are where the FIB milled holes are located (b) Comparison in impedance
measurements Re(Z) in the broad frequency range 1Hz — 1 MHz between the electrodes (black solid line) and the surface (black dashed line).

the ohmic behaviour. The difference in (Re(Z)) between the surface and
the electrode is shown in (Fig. 2b). The values of Re(Z) at low fre-
quencies correspond to the DC part of the resistance, where we can see
that the one measured through the electrodes is about one order of
magnitude smaller than that measured from the surface. The difference
between the Re(Z) measured from the surface and that measured
through the electrodes proves that the buried electrodes ensure a suc-
cessful electric connection to the buried channel. A noteworthy obser-
vation is that although the resistance measured from the surface is
higher than that measured through the electrodes, it is still much lower
than that of diamond which implies the presence of high resistance
pathways connecting the buried region to the surface inducing the
measurement of a lower impedance than that in diamond but higher
than that in the channel.

Low-temperature measurements of resistivity and the Seebeck coef-
ficient were conducted in a high vacuum environment (pressure ~ 10~

mbar) using a custom-made apparatus at the ILM. The design of this
apparatus was inspired by the configuration described in Ref. [47], with
a resolution of < 1xV.K™1. The setup featured a helium-closed-cycle 4K
Sumitomo cryostat (RDK-101DL) with the sample securely mounted on a
circuit attached to the cryostat’s cold finger. Additionally, the setup
incorporated thermal shielding to protect against radiation. The tem-
perature range at the sample location could be regulated, varying from
8 K to 300 K. Resistance measurements were performed using the delta
mode, with both positive and negative current, of the combined Keithley
current source (K6220) and nanovoltmeter (K2182A). For each tem-
perature step, an I-V curve was measured by varying the current within
the [0:100]xA range, from which the resistance was extracted (raw data
are presented in Fig. 3a). It’s noteworthy that the I-V curves remained
linear within this current range across the entire temperature range. The
Seebeck coefficients (S) were determined using the differential method.
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Fig. 3. (a) Temperature dependence of the normalized conductance G/G3gok, the inset shows Delta I-V measurements (points) at different temperatures and the
linear fits (solid lines): (o) for 10 K, ([7J) for 150 K, and (*) for 300 K. (b) The log;o plot of G/Gzgox vs 1/T* withx =1 (o), x = 1/2 ([]), x = 1/3 () and x = 1/4 (/)
from the left to the right. To simplify reading, the points have been reduced to the same abscissa value. The inset figure is the linear fit in a small temperature range of

loglo(G/GgooK) VS 1000/T
3. Results and discussions

The temperature-dependent conductance, normalized to its value at
room temperature, is illustrated in Fig. 3a. The room temperature
conductance measured is 0.02 S and the corresponding sample con-
ductivity calculated using a thickness and its uncertainties (see above) of
145 + 20 nm is determined to be approximately o390 = 300 + 41 S
em ! (equivalent to a resistivity of p3pox= (3.3 + 0.4) x 103 Q cm).
This value is comparable to values known in ion implanted diamond
beyond the graphitization threshold [5,48,49]. Going down in temper-
ature, the conductance smoothly decreases and tends toward a finite
residual value at the lowest probed temperature (8 K), indicating that
conduction in the buried channel is on the metallic side of the
metal-insulator transition. We attempted to analyze its temperature
dependence using conventional forms of temperature dependence for
hopping conductivity, plotting the logarithm of the ratio G(T)/Gsoox
versus 1/T, 1/TY?%, 1/T"/3, and 1/T*. No linear regime was clearly
observed over a significant temperature range among all the different
laws. This confirms the presence of extended conductive regions. The
best linearity is obtained with the 1/T law at high temperatures (see the
inset and the solid line in Fig. 3b). When fitting within this range, an
activation energy of approximately 1.45 meV (equivalent to 17 K) is
obtained.

The temperature dependence of the Seebeck coefficient in the buried
channel is shown in Fig. 4. It starts at approximately —5 pV K~ 'at300K.
The negative sign of the Seebeck at room temperature, where the
phonon-drag contribution is assumed to be negligible, agrees with
measurements reported in graphite. From galvanometric [50] and
thermoelectric measurements [51-55], the negative sign of the Seebeck
in graphite was interpreted as a higher mobility of electrons compared to
holes. The Seebeck coefficient then remains nearly constant down to
about 150 K. Upon further cooling, it exhibits a negative peak of about
—7.5 uV K ! at around 65 K and then tends towards zero as the tem-
perature approaches zero, eventually reaching a positive value of nearly
+2 pV K1 at approximately 13 K. The overall temperature dependence
closely resembles that measured in graphite, where the negative peak in
the Seebeck coefficient at low temperatures is associated with the
phonon-drag effect. However, it’s worth noting that the peak measured
in our sample is observed at higher temperatures (65 K) compared to
that seen in graphite (20 — 45 K) [51-54] and is of lower amplitude. In
Fig. 4, the colored rectangle highlights the temperature range of the

S(T) (MV/K)

1 1 1 1
0 50 100 150 200 250 300
Temperature (K)

Fig. 4. Graph showing the measured Seebeck coefficient (S) and its corre-
sponding fit. The black dots correspond to the experimental data measured
from the sample. The red dashed line corresponds to the fit from the model. The
solid lines corresponds to the model with the addition of the gaussian fit for the
positive Seebeck values where the blue solid line shows the phenomenological
gaussian fit and the black solid line shows the model fit with the Gaussian. The
colored rectangle highlights the temperature range of the peak temperatures of
the Seebeck coefficient (indicated by vertical bars on the x-axis) extracted from
references [51-53].

peak temperatures of the Seebeck coefficient (indicated by vertical bars
on the x-axis) extracted from Refs. [51-54]. The amplitude of the See-
beck peak reported in the literature varies between —4 and —37 pV K!
[51-54]. The graph shows that the peak maximum of the Seebeck co-
efficient in our sample occurs at approximately 20-25 K (well beyond
the experimental uncertainties) above the peak maximum observed in
graphite.

Given that the sample exhibits an electric resistivity falling within
the range typically associated with graphite [5,49] and demonstrates
similar Seebeck tendencies, we endeavored to apply a toy model
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developed by Ref. [51] in 1970 to examine the effects of ”phonon-drag”
in graphite. In their work, the authors evaluated the additional
phonon-drag component in the Seebeck coefficient by calculating the
electron-phonon coupling between in-plane acoustic phonons and
in-plane electronic states in the vicinity of the Fermi level. They
considered only the acoustic phonons whose wave vectors, ¢ = fw/vs
(where 7w is the phonon energy and v; is the average sound velocity)
connect the Fermi surface, also referred to as Kohn phonons. The
wave-vector amplitude of these Kohn (K) phonons satisfies the relation
qx = 2k;, where kf is the Fermi wave vector. This corresponds to a
characteristic phonon energy (7wg) and temperature (Tx) given by kgTx
= hwg = 2vsky. Assuming that electron-phonon scattering is predomi-
nantly dominated by the scattering with the Kohn phonons, they derived
an analytical solution for the coupled phonon/electron Boltzmann
transport equations within the relaxation time approximation. From this
solution, and with assumptions detailed in the paper, they calculated the
phonon-drag contribution to the Seebeck coefficient, which can be
expressed as:

I(T)
R+

Tph

[Sarag (T)|<Cpn(T) (€H)

where ' function quantifies the deviations of the equilibrium
phonon/electron statistics from their mutual collisions. This I" is con-
stant (A) for T < T and varies with Tg/T for T > Tx. Cpp(T) corresponds
to the specific heat of the Kohn phonons described by an Einstein-like
mode with an energy fwg. 7pn is the phonon relaxation time for all
collisions other than the electron-phonon scattering. Within the tem-
perature range of Tk, 7py is assumed to be constant as being dominated
by the Casimir like scattering processes. From Eq. (1), it comes that
Sdrag(T) is divided into two segments Cpx(T) and the fraction which de-
pends on I'(T). The sum of these two segments has been represented in
Fig. 4 (red dashed lines).

The negative peak in Sgrqg(T) results from the intersection of these
two segments: starting from the lowest temperatures, its amplitude in-
creases with heating due to the populating of Kohn phonon states,
following Cpy(T), then decreases following a 1/T law when phonon-
phonon scattering processes are thermally activated. Using this expres-
sion of Sgrqg(T) and by fixing Awg to a value of 5.6 meV (i.e. 1.35 THz)
corresponding to Tx = 65 K (temperature of the peak maximum
observed on the graph) we fitted the following parameters A and 1/7,p,
and obtained the corresponding values: A = 3 x 10% and 1/tpp = 1.5 x
108 s71. Our values agree with the ones observed in graphite. However,
as a result of a higher peak temperature for the Seebeck, our average
Kohn phonon energy is higher than the one extracted in Ref. [51]. This is
either due to a difference in electronic structure, or it is the result of a
broadening of the energy band around the Kohn energy of the phonons
that contribute most to the phonon-drag effect. In the latter case, it could
be the signature of the contribution of the phonon states of the diamond
matrix coating the conduction channel.

Finally, we propose to discuss the deviations observed in Fig. 4 from
the simple model (Eq. (1)), which are also observed in graphite. In fact,
the structure of the phonon-drag peak in graphite can be much more
complex depending on the quality and annealing of the sample [54]. A
double phonon-drag peak structure is observed and associated to a
two-stage phonon-drag effect [53-55]. On the other hand, the range of
positive values in the Seebeck for temperatures below the one corre-
sponding to the huge negative dip has been reported by different authors
on graphite [53-56]. This range is ascribed to the purely electronic
diffusive component [51]. To take into account the range of positive
Seebeck values observed at the lowest temperature measured below Tk,
we added a phenomenological term (a gaussian function) to Eq. (1)
centered at Tp = 17 K with a width at half the maximum intensity of 7 K.
In Fig. 4, the black solid line shows the total fit (Eq. (1) plus the Gaussian
term) and, highlighted in blue, is only the Gaussian part while the
dashed red lines give only the fit from Eq. (1) discussed before. At higher
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temperatures (above 200 K), the fit over-estimates the experimental
values. This is mainly caused by incorrectly taking into account the
temperature dependence of 7pp.

4. Conclusions

In summary, we presented low-temperature measurements of the
electrical conductance and the Seebeck coefficient in a graphitic channel
buried in a diamond crystal through He ion implantation to a fluence of
3 x 10'® ions.cm ™2 and annealing at 1200 °C using the CIRA approach.
Under these implantation and annealing conditions, the created buried
channel has a thickness of 145 nm and is located at about 200 nm below
the surface. The room temperature conductivity is in the range of that of
graphite. The conductance displays a smooth temperature dependence
with a residual value at the lowest temperature, indicative of extended
conducting regions, placing the system in the metallic side of the metal-
insulator transition. The temperature dependence of the Seebeck coef-
ficient exhibits tendencies similar to those observed in graphite, char-
acterized by a negative maximum at low temperatures attributed to the
phonon-drag effect. Notably, our peak appears at a significantly higher
temperature than the phonon-drag peak temperatures reported in the
literature in graphite. This indicates an increase in the energies of the
phonons primarily involved in the drag effect, which is associated either
with a difference in the electronic structure of the conduction channel
compared to graphite, or with a contribution from the phonons of the
diamond matrix in which the channel is embedded.
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