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ergy filtering in hyper-doped nanocrystalline materials
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Breaking the conventional decrease of the Seebeck coefficient with increasing conductivity would
be a significant progress towards large thermoelectric power factor enhancement and high ther-
moelectric efficiency. We report on a mechanism identified in hyper-doped nanocrystalline Si
films that can lead to this task: a transition from dominant ionized impurity scattering to domi-
nant phonon scattering upon thermal annealing at high annealing temperature 7, that takes place
to fulfill charge neutrality. We show that the synergy between charge neutrality and energy fil-
tering activated by thermal annealing of the originally defected nanocrystalline sample leads to
high mobility, simultaneous increase of the conductivity and the Seebeck coefficient and large
enhancement of the thermoelectric power factor. This is demonstrated by means of advanced
theoretical modeling and excellent quantitative agreement with the experiment. Our work pro-
vides interpretation of so far not understood observations in nanocrystalline Si and indicates a
new route for engineering Si as well as other nanostructured materials for high thermoelectric

efficiency.

1 Introduction

Simultaneous increase of the conductivity and the Seebeck coeffi-
cient is a non-conventional behavior and has been rarely observed
[1-10]. Conventional dependence is that the electrical conductiv-
ity, o, increases and Seebeck coefficient, S, decreases when the
carrier density increases. This dependence prohibits the thermo-
electric power factor (TPF), 052, from increasing above a certain
value that is material-dependent and occurs at an optimal car-
rier concentration. Nevertheless, enhancement of the TPF would
be needed for efficient thermoelectric (TE) energy conversion, in
particular in materials with high thermal conductivity. Silicon for
instance has a relatively large TPF of the order of 1 mW K?2m'!.
However, its high thermal conductivity x (~ 140 Wm™'K! at room
temperature) keeps Si TE figure of merit ZT = 65T /x (where T
is the absolute temperature) from exceeding ~ 0.01 at room tem-
perature. Decrease of the thermal conductivity has been shown in
nanostructures where additional scattering mechanisms, such as
boundary scattering, dominate over the bulk-like ones. In nanos-
tructures, deviation from the bulk-like behavior would also affect
the electron transport properties and could change their relation.
Breaking the conventional inter-dependence of the conductivity
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and the Seebeck coefficient would be a considerable progress to-
wards increasing the TPF and the TE efficiency. However, it has
been seldom achieved and even then not completely understood.
Energy filtering is a strategy commonly considered prosperous for
increasing the TPF because it increases Seebeck coefficient. It is
a well-known effect and has been widely studied in many exper-
iments and by theoretical models [11-31]. Nonetheless, it has
been shown so far not adequate for a breakthrough in the field
of thermoelectrics. Our work indicates an additional mechanism
and a synergy between defects, charge neutrality and energy fil-
tering that can take place in hyper-doped nanocrystalline materi-
als upon thermal annealing at high 7, and can lead to this task.

Currently, thermoelectric devices are based almost entirely on
tellurides (Bi;Tes and sometimes PbTe). This is twice inconve-
nient since (a) Te is a rare element, with a geo-abundancy com-
parable to platinum. This adds to the fact that there’s a major
pressure on Te as a raw material because of its use also in photo-
voltaics (CdTe solar cells), alternate materials are widely searched
for. Siis the second most abundant element on Earth’s crust and
would solve/alleviate this issue; (b) integration of telluride in
IC is critical and requires post-IC production steps to be imple-
mented. Silicon is obviously IC compatible and would therefore
provide a simple route to the fabrication of integrated microhar-
vesters of use in low 7 and, more in general, to power portable
devices.

We analyzed the T-dependence of the hole transport properties
measured in highly B-doped nanocrystalline Si (nc-Si) thin films
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where it was observed a simultaneous increase of the conductivity
and the Seebeck coefficient upon thermal annealing above 800°C
resulting in remarkably high TPF reaching 17 mW,/mK? [6-9]. For
a thermal conductivity of 10 WKm'! this would imply a figure
of merit of 0.5 around room temperature. The observation was
confirmed in a series of experiments (for a review see Ref.15).
The Seebeck coefficient enhancement was ascribed to the forma-
tion of energy barriers due to the precipitation of a secondary
boron-rich phase at grain boundaries [29,30,32]. The effect of
the formation of a second phase around the grain boundaries was
explored with a parametric model derived using Boltzmann trans-
port equation and assuming a step-like energy dependent trans-
mission coefficient for the carriers [31]. It was shown that TPF
improvement is possible due to energy filtering by the barriers
and the resulting Seebeck coefficient enhancement. However, it
had to be concluded that this mechanism by itself cannot interpret
the simultaneous increase of Seebeck coefficient and conductivity
observed in the experiment when thermal annealing exceeded a
critical annealing temperature 7,.In order to understand the ori-
gin of such a simultaneous increase, we analyzed additional elec-
trical conductivity and Hall measurements carried out, after ther-
mal treatment of samples at different 7, over the temperature
range 20-300 K. The analysis provided full interpretation of the
observed non-conventional simultaneous increase of the conduc-
tivity and the Seebeck coefficient. It indicated a transition from
dominant ionized impurity scattering to dominant phonon scat-
tering upon thermal annealing at high 7, that takes place to fulfill
charge neutrality. The synergy of this transition and energy fil-
tering leads to simultaneous increase of the mobility, conductivity
and Seebeck coefficient. The observed T-dependence of the hole
concentration, the conductivity and the mobility has been system-
atically investigated. The experimental procedure and the theo-
retical model are described in Methods. In Results and Discussion,
we detail the steps of the theoretical modeling followed to inter-
pret the experiment and we compare at all stages the theoretical
analysis outcomes with the experimental data. An overview of
our findings is given in the last section Conclusions and Outlook.

2 Methods

2.1 Experimental procedure

Films of nc-Si (450 nm thick) deposited onto oxidized Si sub-
strates were implanted with B* through an Al sacrificial layer
with a fluence of 2 x 1016cm™ at an energy of 60 keV and were
then annealed at 10-50° C for 30s to recover implantation dam-
age. This led to a total boron density of 4.4 x 102°cm™. Mi-
croscopy showed columnar nanograins having an in-plane size
of ~ 50 nm [8, 30]. The samples were characterized by resistivity
and Seebeck coefficient measurements. A set of four 50 x 5 mm?
silicon samples were cut and Al pads were evaporated onto the
nanosilicon layer. Resistivity was determined by current-voltage
characteristics at 20° C. Thermovoltages were measured using the
integral method by setting the temperature of the cold contact at
0°C while heating the other contact between 40 °C and 120°C.
Each set of Seebeck voltage measurements was repeated at least
three times to ensure data reliability. After removal of the Al sac-
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rificial layer, polycrystalline samples were submitted to thermal
treatments. A sequence of annealing cycles was carried out in
Ar at temperatures T, from 500°C to 1000°C in 50°C steps, each
treatment lasting one hour. At the end of the treatment, samples
were quenched at room temperature. After each annealing treat-
ment Al pads were evaporated through a shadow mask and the
sample was submitted to current-voltage and Seebeck coefficient
measurements. Then, contacts were removed by HCI etch prior to
the subsequent annealing. This procedure avoided possible vari-
ances due to sample differences, which might occur in nanocrys-
talline films. Thus, reported Seebeck and electrical conductiv-
ity data refer to the very same silicon films at different stages of
their thermal history. Comparison among the four samples let
to verify that they displayed the same Seebeck coefficients and
electrical conductivities. Such a result validates the significance
of Hall measurements, which were unavoidably carried out on a
different set of samples, although annealed simultaneously with
the samples used for Seebeck and conductivity measurements.
Samples for Hall measurements were obtained by cutting square
17 x 17 mm? chips and evaporating aluminum contacts on small
areas in the four corners according to the van der Pauw geome-
try. Chips were thermally processed along with the rectangular
samples. Hall measurements were carried out as a function of
temperature using a He cryostat with a maximum magnetic field
of 0.5 T.

2.2 Theoretical model and calculations

The transport properties were calculated using Boltzmann trans-
port equation in the relaxation time approximation modified to
account for energy filtering [31](Supplementary Information).
Phonon scattering and impurity scattering have been taken into
account in a formalism that reliably predicts the mobility through
the whole range of hole concentration and temperature val-
ues [34-36]. The relaxation time has been calculated using
Matthiessen’s rule. The model has been validated by comparison
with reference observations and calculations of mobility, conduc-
tivity and Seebeck coefficient for bulk Si [37,38]. Calculated mo-
bility and conductivity for bulk Si for a wide range of parameters
are shown in Figure 3. The nanocrystalline material is modeled
as an average bulk-like Si grain surrounded by grain boundaries
(Figure 1).

Fig. 1 Schematic of the nanocrystalline structure. Bulk-like grains
(light shaded areas) are separated by grain boundaries (GB) (red dashed
line). Charged defects around GBs (dark shaded areas) form potential
barriers of height V}, for carriers.
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Bulk-like scattering mechanisms determine the relaxation time
and the mobility of carriers in the grains. This is justified since
hole mean free path (<10 nm) is smaller than the grains width
(~50nm). The conductivity and the Seebeck coefficient are de-
termined by bulk-like scattering and energy filtering at grain
boundaries. Energy filtering takes place due to energy barri-
ers formed by charge trapped at grain boundaries defects. De-
fects can be of different types including lattice distortions, pre-
cipitates, etc. This mechanism has been taken into account us-
ing the single-barrier theoretical model (Supplementary Informa-
tion). Thermionic emission has been assumed to estimate the en-
ergy barrier height that interprets the observed large Seebeck co-
efficient enhancement. Tunneling has been found to give a small
contribution and has been safely neglected. Effective properties
are thereby calculated. The validity and limitations of the model
are discussed throughout the text.

3 Results and Discussion

The measured properties are shown in the figures of this paper
along with the corresponding calculated properties. We refer to
the samples as: sample A (untreated sample), sample B (annealed
at 700°C), sample C (annealed at 950°C), sample D (annealed at
1000°C). In all figures, we use stars for the calculated values and
dots for experimental data: black for sample A, green for sample
B, blue for sample C and red for sample D.

3.1 The presence of defects

In the untreated sample (sample A), the carrier concentration
measured at 300K was ~ 2X102%cm3 (Figure 2). This concentra-
tion is higher than the expected concentration of 0.56X10%0¢cm™
estimated by applying the electrostatic charge neutrality condi-
tion for the doping concentration (Supplementary Information).
This implies that an additional source of p-doping is present in
the sample. We assumed that this source is defects acting as elec-
tron traps and leading to extra p-doping. The presence of defects
explained the observed weak T-dependence of the hole concen-
tration (Figure 2) due to Fermi level pinning. This mechanism
can take place at interfaces and in highly doped samples with sig-
nificant lattice distortion and high concentration of defects [41,
42]. In sample A, heavy boron-doping by ion implantation caused
lattice distortion and formation of extended defects in the grains
and grain boundaries that pinned the Fermi level. The magni-
tude and the T-dependence of the hole concentration have been
indeed quantitatively interpreted by assuming Fermi level pinned
at Er = —0.07eV with respect to the valence band edge. The com-
parison between the calculated and the measured hole concen-
trations is shown in Figure 2. Very good agreement was found.

Our assumption was additionally confirmed by using the esti-
mated Er to calculate the mobility and the conductivity that were
found in agreement with the corresponding data. To interpret the
measurements, we further analyzed the mobility and conductiv-
ity data. The measured mobility was lower than that theoreti-
cally expected for hole concentration 2X102%cm™ (Figure 3). We
attributed this to enhanced scattering by ionized impurities (in-

20
X10
T T
untreated sample
3.54 d
annealed @ 950°C
annealed @ 1000°C

]
2.54 Y 4

4.0

3.04

204 2, '
1.5 .,:;I:" ]
1.0 ittt %
0.5 '

o.o__¥é§lé: ‘

50 100 150 200 250 300
temperature (K)

. -3
hole concentration (cm™)

Fig. 2 Temperature dependence of the hole concentration for sam-
ples: A (untreated), B (annealed at 700°C), C (annealed at 950 °C) and
D (annealed at 1000°C). The colors for symbols and lines correspond to
the samples as indicated in the legend. The mobile hole concentration is
shown in dots (experiment) and in stars (calculations). The dotted lines
are for the calculated hole concentration within the grain.

cluding dopants and defects). The concentration of ionized im-
purities was estimated at each temperature by fitting the mobility
data and is shown in Figure S2 of the Supplementary Information.
These concentrations were used to calculate the conductivity and
very good agreement was found with the measured conductivities
in the whole T-range (Figure 3). It is concluded that the trans-
port properties of sample A are fully interpreted by the presence
of defects and dominant ionized impurity scattering.

3.2 The formation of energy barriers

Upon thermal annealing at 700°C (sample B), the hole con-
centration decreased to ~ 1.0X102%°cm™ remaining nearly 7-
independent (green symbols in Figure 2). In general terms,
thermal post-processing is aimed to facilitate dopant diffusion
throughout the material and to annihilate extended defects. Ther-
mal annealing at 700°C seems indeed starting to repair defects:
our theoretical analysis on the hole concentration data indicated
lower impurity concentration in the grains of sample B (Figure
S2) as well as weaker Fermi level pinning compared to sample
A, with Ep shifting to 0.06€V. It should be noted that although
the hole concentration and the ionized impurity concentrations
are lower in sample B, the mobility is also lower opposing the
bulk-like behavior (also shown for reference in Figure 3). This
is explained by the shift of the Fermi level closer to the top of
the valence band in sample B compared to sample A. Similarly
as for sample A, the mobility data of sample B are very well in-
terpreted by the calculations (Figure 3). Furthermore, we identi-
fied an additional effect of the thermal annealing on the defects
distribution across the polycrystalline material that was of major
importance in interpreting the observed thermoelectric behavior.
Defects within the grains should repair more easily upon thermal
annealing than defects at the grain boundaries where they are
more extended. Thus, less defects and hence also less ionized
defects would remain in the core of the grains after thermal an-
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Fig. 3 Temperature dependence of (a) the mobility and (b) the con-
ductivity in the low-7, regime (samples A and B). The dots are for
experimental data and the stars for theoretical calculations. The squares
are for the calculated T-dependence of the mobility in a wide hole con-
centration range shown for reference. The dashed lines are eye guide-
lines.

nealing. This implies that more defects should get ionized at the
grain boundaries to satisfy the overall charge neutrality. Ionized
defects at the grain boundaries would then form energy barri-
ers for holes and decrease the conductivity. Indeed, a decreased
conductivity was measured in sample B after annealing at 700°C.
The measured conductivity was perfectly interpreted in the whole
temperature range by assuming energy barrier height ~ 2 kgT
(Figure 3). The energy barrier height increases with increasing
T because the ionized defects concentration also increases with
T. The formation of energy barriers consistently explains the ob-
served increase of the Seebeck coefficient upon thermal annealing
(Figure 5). It can be concluded that thermal annealing at low-7,,
decreases the concentration of defects in the grains and acts to-
wards un-pinning the Fermi level. In addition, it increases the
concentration of ionized defects at the grain boundaries forming
energy barriers for holes.

3.3 Scattering mechanism transition

Upon thermal annealing at higher 7,, 950°C and 1000°C, a major
change was observed in all properties as shown by hole concen-
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tration, mobility and conductivity in samples C and D (Figures 2
and 4).
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Fig. 4 Temperature dependence of (a) the mobility and (b) the con-
ductivity for the four samples. Dots are for the experiment and stars for
the calculations.

First, hole concentration decreased significantly upon thermal
annealing, also showing a stronger 7-dependence compared with
samples A and B (Figure 2). This behavior is explained by the as-
sumed big decrease of defects in the grains upon thermal anneal-
ing at high 7, and Fermi level unpinning. Furthermore, mobility
is not anymore T-independent as it was in samples A and B due
to strong ionized impurity scattering (Figure 4). It decreases with
increasing T as it would be expected due to phonon scattering.
Dominant phonon scattering also explains the observed conduc-
tivity decrease with increasing 7 shown in Figure 4 above a char-
acteristic temperature T* where the conductivity reaches a max-
imum. The conductivity shows a non-monotonic T-dependence.
Below T*, it increases with increasing 7. This is because at low
temperatures the effect of the increase of the hole concentration
with increasing 7 overcomes the effect of phonon scattering in
the conductivity due to small phonon population. At higher T,
the phonon population increases and scatters holes more drasti-
cally so that the conductivity decreases with increasing 7. The
model and the calculations fully interpret the measured mobility
and conductivity as it can be seen in Figure 4. It is concluded
that a transition from dominant impurity scattering in the grains
of samples A and B to dominant phonon scattering in the grains
of samples C and D takes place upon thermal annealing at high
1,.

In samples C and D, all transport properties show similar be-
havior, differing only quantitatively from each other. This indi-
cates that the effects taking place upon thermal annealing are
enhanced with increasing 7,. Thermal annealing at higher 7, de-
creases more effectively the concentration of defects in the grains
and this is why the mobility and conductivity are larger in sample
D than in sample C. The gradual dominance of phonon scatter-
ing over impurity scattering from sample A to sample D, upon
thermal annealing at higher 7, explains the gradually more pro-
nounced non-monotonic behavior of the conductivity in the sam-
ples. Moreover, more defects get ionized at the grain boundaries
and higher energy barriers are formed upon thermal annealing at
higher 7,. This effect has been accommodated in our modeling
by lower ionized impurity concentration and higher energy bar-
riers in sample D than in sample C. The corresponding parame-



ters have been estimated by fitting the hole concentration and the
mobility data. The estimated scatterers concentration is shown in
Figure S1. The activation energies and the barrier heights were
determined by fitting the measured hole concentration in each
sample. The barrier height was estimated 4 kgT in sample C
and 5.2 kBT in sample D. The defect activation energies were
estimated 28 meV and 19meV in samples C and D respectively,
confirming the expectation that defects should be shallower in
sample D than in sample C. The conductivity data are thereby in-
terpreted without any further assumptions. Excellent agreement
was obtained between theory and experiment for the mobile hole
concentration, the mobility and the conductivity in both samples
(Figures 2 and 4).

3.4 Simultaneous increase of the mobility, conductivity and
Seebeck coefficient

The Seebeck coefficient of the samples was measured at 300K and

is shown together with the mobility and the conductivity in Figure

5.
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Fig. 5 Simultaneous increase of the transport properties above 7, ~
800°C. The mobility (left y-axis of (a)), the conductivity (left y-axis of (b))
and Seebeck coefficient (right y-axes) at 300K. Dots are for measure-
ments and stars for calculations. The dashed lines are eye guidelines.
The average energy barrier height for each sample was estimated by the
T-dependences of the mobility and conductivity (Figure 4).

The Seebeck coefficient was calculated for each sample assum-
ing an average barrier height estimated by the T-dependences
of the mobility and the conductivity. As seen in the previous
sections, Seebeck coefficient increases with increasing annealing
temperature due to the formation of higher energy barriers at the
grain boundaries and more effective energy filtering. This is to be
expected. The conductivity though shows an unexpected behav-
ior above a critical annealing temperature. First, it decreases with
thermal annealing (the conductivity of sample B is lower than that
of the untreated sample A) as expected due to the formation of
energy barriers that filter out holes and decrease the mobile hole
concentration. This is the well-known effect that takes place upon
energy filtering of mobile carriers: the conductivity decreases and
the Seebeck coefficient increases. Then, upon thermal anneal-
ing at even higher 7, (in samples C and D), the conductivity in-
creases while the energy barriers get gradually higher. This non-
conventional behavior is explained by the transition from domi-
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Seebeck coefficient (mV/K)

nant ionized impurity scattering to dominant phonon scattering
in the grains and by the increase of the mobility (as discussed in a
previous paragraph). The transition takes place upon the forma-
tion of higher energy barriers at the grain boundaries. Therefore,
it is concluded that the concurrent scattering mechanism transi-
tion and the increasing energy filtering upon thermal annealing
explain the simultaneous increase of the mobility, the conductivity
and the Seebeck coefficient above a threshold T, that is estimated
at ~ 800°C.

The Seebeck coefficient of the polycrystalline film where a dis-
tribution of energy barrier heights exists, is larger than that es-
timated assuming an average energy barrier (respectively shown
by dots and stars in Figure 5). While effective-grain and aver-
age energy barrier are adequate approximations to interpret the
conductivity of a polycrystalline material [12], they are not ade-
quate approximations for the Seebeck coefficient, which is more
sensitive than the conductivity to the fluctuations of the energy
distribution of carriers due to non-uniformity. Thus, for the See-
beck coefficient the effect of non-uniformity cannot be accom-
modated within effective medium models assuming an average
barrier height or a distribution of barrier heights (e.g. a Gaussian
distribution as in [43]) and uniform energy distribution of carri-
ers. An extra enhancement of Seebeck coefficient is indeed shown
in our nanocrystalline samples. This effect is more pronounced in
samples C and D where higher energy barriers are formed upon
thermal annealing. The energy distribution of carriers should be
sensibly taken into account in a more involved model to provide
a fully quantitative interpretation of the Seebeck coefficient data
when energy filtering occurs in complex-morphology materials.
Our work shows that in such materials, the discrepancy between
the Seebeck coefficient from that assuming an average energy
barrier estimated by the conductivity and the mobile carrier con-
centration in the sample, provides a measure of the non-uniform
distribution of energy barriers in the material.

4 Conclusions and Outlook

By systematic theoretical analysis and interpretation of the T-
dependence of the hole transport properties in samples of nc-Si,
where it was exhibited simultaneous increase of the conductivity
Seebeck coefficient so far not understood, we identified the mech-
anisms underlying this behavior. We used effective medium Boltz-
mann transport theory extended to accommodate energy filtering
by energy barriers. The use of an involved model for scattering
and the charge neutrality condition were crucial in quantitatively
and consistently interpreting the experimental data. The simula-
tions provided estimations of the involved parameters. The fitting
performed throughout the simulation was at each stage subject
to validation since multiple properties and dependences had to
be non-trivially interpreted. This led to clear evidence of a tran-
sition from dominant ionized impurity scattering in the defected
grains to dominant phonon scattering upon thermal annealing at
higher 7, due to defects repair in the grains. This transition oc-
curs concurrently with the population of more electron traps at
grain boundaries so that charge neutrality is fulfilled. Charges
at grain boundaries set up energy barriers and energy filtering of
carriers. Hence, a unique synergy between charge neutrality and
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energy filtering activated by thermal annealing of the originally
defected sample leads to high mobility, conductivity and Seebeck
coefficient and large TPF.

The interpetation of the processes underlying the measured
remarkable enhancement of the TPF by a factor 15 (i.e. up to
17 mWK2m1) at 300K can be used to control and optimize
the fabrication conditions and prototyping nc-Si with high
thermoelectric efficiency. This would meet the aim to enhance
the TPF of Si by a factor of at least 10 to make it competitive
for thermoelectric applications and bring technological break-
through. Furthermore, our theoretical analysis indicates that
the involved physics mechanisms are quite generic and should
also take place in other nanostuctured materials if appropriately
engineered. Our methodology could serve as guidance to this
end. It is interesting to notice that the identified synergy takes
place in the presence of nanoscale non-uniformity which is here
shown capable for both TPF enhancement and decreased thermal
conductivity, the two ingredients required for high thermoelectric
efficiency.
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