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Abstract: A large thermoelectric power factor in heavily boron-doped p-type 

nanograined Si with grain sizes ~30 nm and grain boundary regions of ~2 nm is reported. The 

reported power factor is ~5 times higher than in bulk Si. It originates from the surprising 

observation that for a specific range of carrier concentrations, the electrical conductivity and 

Seebeck coefficient increase simultaneously. The two essential ingredients for this 

observation are nanocrystallinity and extremely high boron doping levels. This experimental 

finding is interpreted within a theoretical model that considers both electron and phonon 

transport within the semiclassical Boltzmann approach. It is shown that transport takes place 

through two phases so that high conductivity is achieved in the grains, and high Seebeck 

coefficient by the grain boundaries. This together with the drastic reduction in the thermal 

conductivity due to boundary scattering could lead to a significant increase of the figure of 

merit ZT. This is one of the rare observations of a simultaneous increase in the electrical 

conductivity and Seebeck coefficient, resulting in enhanced thermoelectric power factor. 
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1. Introduction 

 

The thermoelectric performance of a material is quantified by the dimensionless figure 

of merit
2 /ZT S Tσ κ= , where σ  is the electrical conductivity, S  is the Seebeck coefficient, 

and κ  is the thermal conductivity. Although traditionally ZT remained low (below one for 

most materials), over the last years, much larger ZT values were achieved in nanostructures 

due to a significant reduction in their thermal conductivity [1, 2]. Silicon nanostructures have 

also been recently proposed as efficient thermoelectric materials due to such a significant 

reduction in their thermal conductivity compared to bulk Si. Recent experimental 

measurements in Si nanowires (NWs) with diameters below 50 nm reported thermal 

conductivity values as low as κ = 1-2 Wm
-1

K
-1

, which resulted in a thermoelectric figure of 

merit ZT ~ 1 [3, 4]. This is an impressive increase in ZT with respect to the bulk value ZTbulk ~ 

0.01. With the reported thermal conductivities approaching the amorphous limit, however, it 

becomes clear that any further benefits in thermoelectric performance must come from the 

power factor 
2

Sσ [5, 6]. In addition, it was shown that low thermal conductivities, while 

increasing the conversion efficiency, may detrimentally affect the power output of 

thermoelectric harvesters [7].  

 

Recent experimental works in nanostructures have indeed reported large Seebeck 

coefficients in a variety of materials such as MnO2 powders [8], PbTe nanowires [9], oxide 

nanofibers [10], two-dimensional SrTiO3 electron gas channels [11], heavily-doped Si [12], 

and materials with impurity resonant levels [13]. In these cases, the increase in the Seebeck 

coefficient was attributed to the modifications of the density of states around the Fermi level. 

Another nanostructured geometry in which a significant increase in the Seebeck coefficient 

was observed is the superlattice geometry for cross plane transport channels. In this case, the 

benefits originate from the enhanced energy filtering of hot and cold carriers from the 



 3

superlattice energy barriers [14]. As of now, however, experimental efforts were not able to 

achieve a significant relaxation of the adverse interdependence between electrical 

conductivity and Seebeck coefficient that limits the thermoelectric power factor. Efforts that 

utilize low dimensional materials for power factor enhancement are not successful to date, 

despite theoretical predictions [15, 16, 17, 18]. Only limited benefits from the electronic 

power factor were, therefore, observed.  

 

In this work, we present room temperature measurements for the thermoelectric 

coefficients of heavily boron-doped nanocrystalline Si with grain sizes ~30 nm. Our data 

demonstrate that the built-in barriers around the grain boundaries increase the energy filtering 

and consequently the Seebeck coefficient, as expected [14, 6, 1, 19]. More importantly, 

however, for certain carrier concentrations, a surprising simultaneous improvement in the 

electrical conductivity is observed, resulting in a large thermoelectric power factor. This 

unexpected increase of the power factor in nanocrystalline silicon is related to the 

precipitation of a second phase around grain boundaries [20, 21, 22]. To achieve this 

unexpected effect, both nanocrystallinity and extremely high doping levels of Boron in the 

grains are essential ingredients. 

 

To interpret the experimental data we perform a theoretical analysis of the 

thermoelectric performance of nanograined Si by considering both semiclassical electron and 

phonon transport. We show that for carrier concentrations around p ~ 5×10
19 

cm
-3

, a formation 

of a depletion region around the grain boundaries allows the Fermi level to be placed well into 

the valence band of the grain, but still below the grain boundary barrier, such that 

simultaneous enhancement of the electrical conductivity and the Seebeck coefficient is 

achieved. We show that this strong control over the Fermi level placement with doping is 

possible because in the nanocrystalline structure the contribution of the grain boundary 
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regions is comparable to the contribution of the grain regions, which is not the case in the in 

microcrystalline materials. Finally, we show that with the additional strong reduction in 

thermal conductivity due to enhanced boundary and defect scattering of phonons, ZT values 

comparable to the ones reported for monocrystalline Si NWs [3, 4] can potentially be 

achieved. 

 

2. Experimental Method 

 

Films of nanocrystalline silicon (thickness of 200 nm) were deposited onto oxidized Si 

substrates by Chemical Vapor Deposition and subsequently implanted with boron through an 

aluminum sacrificial layer with a fluence of 2×10
16

 cm
-2

 at an energy of 60 keV. The total 

nominal boron density is 4.4×10
20

 cm
-3

.  Implantation damage was recovered by rapid thermal 

annealing at 1050 °C for 30 seconds. Samples were then submitted to a sequence of annealing 

cycles in Ar, carried out at temperatures from 500 to 1000 °C in 100 °C steps, each treatment 

lasting two hours. After each annealing step, aluminum contacts were deposited, and electrical 

resistivity, Hall coefficient and thermopower were measured. Metal pads were removed after 

measurements by HCl etching prior to the subsequent annealing step. 

  

Samples for the Seebeck and the electrical conductivity measurements were obtained 

by cutting 50×5 mm
2
 rectangular chips and evaporating two aluminum contacts through a 

shadow mask. For the Hall measurements, 17×17 mm
2
 samples were cut and aluminum 

contacts were evaporated on small areas in the four corners according to the Van der Pauw 

geometry. Hall measurements were carried out with a maximum magnetic field of 0.5 T. 

Accuracy was found to be better than ± 1%. Seebeck coefficient was measured using a home–

built system implementing the integral method [23]. The temperature of the cold contact was 

kept fixed at 10 °C while the other contact was heated between 40 and 120 °C. Conductivity 
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was determined by current–voltage characteristics at 20 °C. The experimental setup was 

calibrated towards single-crystal silicon samples of known doping level. Furthermore, each 

Seebeck coefficient measurement was repeated on the same sample at least three times to 

ensure data reliability and to evaluate their accuracy. Both charge transport coefficients were 

also repeated on nominally identical samples and found to be reproducible within ± 3%. 

 

As boron density exceeds its solubility in silicon at room temperature, annealing 

promotes diffusion–limited precipitation of a silicon boride second phase. As a result, the 

carrier density was found to decrease upon annealing [22]. A quite unexpected concurrent 

increase of the thermoelectric power and of the conductivity was reported for heat treatments 

at temperatures above 800 °C. Upon annealing at 1000 °C a power factor of 15 mW K
-2

m
-1

 

(much higher than in p-type bulk Si, or p-type Si nanowires [3, 4]) was measured.  

 

3. Theoretical Model 

 

3.1. Electronic Transport in Uniform Materials 

 

 The electrical conductivity and Seebeck coefficient within the linearized Boltzmann 

theory are given by the following expressions [24]:  

                                          ( )
0

2 0
0 ,

E

f
q dE E

E
σ

∞ ∂ = − Ξ ∂ ∫                                        (1a)                               

                                 ( )
0

0 B 0

B

,F

E

q k f E E
S dE E

E k Tσ

∞  ∂ − = − Ξ   ∂   
∫                               (1b) 

where the transport distribution function ( )EΞ is defined as [17, 24]: 

                                                         ( ) ( ) ( ) ( )2
E N E E Eυ τΞ =                                     (2a)  

                                      ( ) ( )
( )

0 B/
r

E k T
E

E

λ
τ

υ
=                                         (2b) 
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where ( )Eυ  is the bandstructure velocity, ( )Eτ  is the momentum relaxation time, ( )N E  is 

the 3D valence band density of states, and 0λ is the mean-free-path (MFP) for scattering.  

 

 In Eq. (2) the energy dependence of the mean-free-path for scattering is introduced 

with a characteristic exponent r that defines a specific scattering mechanism. In the case of 

phonon scattering in 3D channels that is assumed here, the MFP is energy independent [25, 

26], r=0, and consequently the scattering rate is proportional to the density of states. For 

ionized impurity scattering, different expressions for the scattering rate and for the screening 

length work better for different doping concentrations [26, 27, 28]. We use the Brooks-

Herring model as described in Ref. [26], which works satisfactory for doping concentrations 

up to 10
18

 cm
-3

 [27]. Above that (which is more relevant to our data), we use the strongly 

screened transition rate as described in Ref. [26]. We also include the influence of quantum 

reflections that a series of uniform barriers (at the grain boundaries) will impose, as described 

in Ref. [29]. Although our structures are neither uniform, nor one-dimensional, we include 

this scattering mechanism as an approximation.  

 

        Figure 1a shows the MFP versus energy for all scattering mechanisms we employ: 

acoustic phonons (magenta), acoustic plus optical phonons (red) (still assuming a simplified 

proportionality of the scattering rate to density of states), quantum reflections (blue), and 

impurity scattering (green). In black we show the total MFP calculated using Matthiessen’s 

rule. The calculated position of the Fermi level in our nano-crystalline structures for p = 

5.6×10
19

 cm
-3

 is indicated by the dashed line. The dominant scattering mechanism at this 

doping concentration is ionized impurity scattering, which has a MFP of ~1 nm and 

determines the overall MFP. Our simulator is calibrated to the mobility data of bulk Si, see 

Fig. 1b. Our calculated mobility (black line) is in agreement with the measured mobility data 
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for p-type bulk silicon from the works of Jacoboni [30, 31] (black dots) and Masetti [32] 

(green dots). For this we use 0 7.4 nmλ = for phonons. Our results agree particularly well at 

the carrier concentrations of interest, around p = 5×10
19

 cm
-3

. By blue dots we denote the 

mobility measurements for our nanocrystalline structures. Interestingly, the mobility of that 

material at the lower carrier concentration (at p = 5.6×10
19

 cm
-3

) is even higher than that of 

bulk. This can be explained by our model (green line) and will be discussed below.      

      

3.2. Phonon Thermal Conductivity 

 

The phonon thermal conductivity is calculated using the kinetic theory within the 

relaxation time approximation. The thermal conductivity along the transport z-direction is 

given by the following standard expression [33]: 

                               ( )
( ) ( ) ( )2 2 2

2
, , cos

1

x

z B z
xk p

e
κ k x υ k p τ k p θ k

V e

=   
−

∑∑
                (3)

 

with ( ), / Bx ω k p k T= ℏ . In the above equation k is the phonon wave vector, p is the 

polarization and υ is the group velocity determined form the slope of the dispersion curves 

( , ) ( , ) /υ k p dω k p dk= , ω is the phonon frequency, τ(k,p) is the phonon relaxation time due to 

scattering, θz(k) is the angle between the wave vector k and the direction z, and V is the 

volume of the grain.
 

 We used bulk phonon dispersion and relaxation times, assumptions previously 

validated for Si nanowires and nanofilms [34]. The phonon scattering relaxation time τ(k,p) is 

obtained by Mathiessen’s rule, expressing that the inverse of the total relaxation time is the 

sum of the inverse of the relaxation times due to the contributions of the individual scattering 

mechanisms: 

    

1 1 1 1

U d BCτ τ τ τ
= + +             (4) 
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We consider scattering due to Umklapp processes, phonon-defect interactions, and boundary 

scattering. The relaxation time due to Umklapp processes is given by: 

/

U

1 χ ξ B TAω T e
τ

−=             (5a) 

The relaxation time due to phonon-defect interactions is given by: 

       4

d

1
Dω

τ
=              (5b) 

where A, B, D, χ and ξ are determined to match the variation of the experimental thermal 

conductivity of bulk Si from Ref. [34]. The boundary scattering relaxation time is: 

            
BC

1
( , ) / [ ( )]υ k p F L k

τ
= ⋅             (5c) 

 where L(k) is the distance a phonon can travel between two surfaces [35]. The boundary 

scattering is treated beyond the commonly used phenomenological model in the Casimir limit 

where the boundary scattering MFP would be approximated by the width of the nanograin. 

Here, the distance L(k) that a phonon can travel between two surfaces is calculated for each 

wave vector and phonon polarization, and an average MFP over the grain is calculated. F 

depends on the root-men-square (rms) value of the boundary roughness, n, though the 

specularity parameter β, and is given by the following expression: 

1 ( )

1 ( )

 +
=  − 

β

β

k
F

k
            (6) 

where 
2 24( ) −= k nβ k e . The values of β vary from 1 (for specular boundary scattering) to 0 (for 

completely diffusive boundary scattering). The value of η was calibrated after interpreting 

experimental data for temperature dependence of the Si nanowires of Ref. [36]. It turns out 

that n = 0.3 nm explains the Si nanowire data adequately. With this value, our model provides 

thermal conductivity values for the grains we consider in good agreement with the grain 

thermal conductivity values reported in the work of Ref. [37] as well.  
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To calculate the thermal conductivity of the nanocrystalline structure we assume that 

the average grain can be represented by a rectangular grain of length LG and width d. The 

calculated thermal conductivity of the nanograin is in agreement with other works [37]. In this 

work, we assume that the concentration of defects and impurities is higher in the grain 

boundaries where the thermal conductivity κGB is assumed to be close to the amorphous limit. 

The overall phonon thermal conductivity lκ  can be estimated from [38]: 

           tot G GB

l G GB

v v v

κ κ κ
= +              (7) 

where tot G GB ,v v v= +  and  Gv  and GBv  are the volumes of the grain regions and the grain 

boundary regions, respectively (idealized as rectangular regions [39]).  

 

3.3. Thermoelectric Coefficients of Nanocrystalline Material 

 

 For the electronic transport calculation in the nanocrystalline material we follow the 

usual formalism that describes transport in polycrystalline materials. We assume a sequence 

of grains of length LG, separated by rectangular grain boundary barriers of width LGB, as 

shown in Fig. 2b. Transport is limited by the barriers of the grain boundaries and shows 

thermally activated behavior [39, 40, 41]. This resembles an 1D channel, but the main 

findings provide qualitative insight into the operation of 3D bulk nanocrystalline as well, 

since often such simplified models tend to describe their properties adequately [39]. The 

effective barrier height seen by charge carriers can be extracted from the data of mobility 

versus inverse temperature. A logarithmic plot of µ versus 1/T is shown in Fig. 2a. From the 

slope of the linear part at high temperatures (left side) the barrier is extracted to be Vb eff = 0.07 

eV. In reality, the energy band of a polycrystalline material looks more like the one depicted 

in the inset of Fig. 2a, where a depletion region forms around the grain boundaries and 

extends into the grain region [39, 40]. In our case we simplify the description of the band 
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diagram by extending the depletion region into the grain and increase Vb in a rectangular 

manner as shown in Fig. 2c. When describing a structure, therefore, the inputs to our model 

are the barrier height Vb and the percentage of mobile charge that the grain is depleted from. It 

should be noted that direct measurement of the trap concentration, which can be carried out in 

microcrystalline materials using for instance light beam induced current spectroscopy [42], 

gets almost impossible in nanocrystalline systems. Therefore, using Vb and the channel 

depletion ratio as model parameters comes out as the only viable options.         

  

 The composite electrical conductivity can be estimated by [38]:  

                                                                   tot G GB

tot G GB

,
v v v

σ σ σ
= +                                            (8) 

The electrical conductivity in the grain boundary region is given by:            

                                 ( )GB 0Eσ =                   for  bE V<=            (9a) 

           ( ) ( )0

GB G ( )WKBE E T Eσ σ=      for  bE V>              (9b) 

The model assumes that there is a barrier built on the amorphous grain boundary region, and 

transport is thermionic over that barrier. Any effects occurring at the interface could be 

lamped into the value of 0

GBσ , and effectively included as an additional series resistance. In 

this work however, we assumed that ( ) ( )0 0

GB GE Eσ σ= , but include the effect of quantum 

mechanical reflections that can occur over the barrier using the transmission ( )WKBT E given by 

the WKB approximation.                

 

        The Seebeck coefficient is determined by the combined transport in the grains and in the 

grain boundaries of the nanocrystalline material. There are two regimes of transport as 

described in Ref. [43] and recently in Ref. [44]: i) when carriers flow ballistically (with 

negligible energy relaxation) in the grain until they reach the grain boundary, and ii) when 

carrier transport in the grains is diffusive (energy relaxation of carriers prevails). In the first 
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case, the overall Seebeck coefficient is determined by the Seebeck coefficient of the highest 

barrier, which is the barrier introduced by the grain boundaries.  

                                                             ball GBS S=                                           (10a) 

Note that we use the term ballistic, referring to the carrier energy, although the carrier 

momentum is strongly relaxed. In the second case, the Seebeck coefficient is determined by 

the weighted average of the Seebeck coefficients of the two regions, with the weighting factor 

being the temperature drop in each region, which is determined by their thermal 

conductivities [38, 44]:                                     

                           G G GB GB G G G GB GB GB
diff

G GB G G GB GB

/ /

/ /

S T S T S v S v
S

T T v v

κ κ
κ κ

∆ + ∆ +
= =

∆ + ∆ +
                   (10b) 

In the case where transport is neither fully ballistic, nor fully diffusive, we approximate the 

overall Seebeck coefficient by weighting the two quantities from Eq. (10a) and Eq. (10b). The 

weighting factor is the fraction of energy relaxation in the grain, determined by the MFP of 

the energy relaxing processes ( Eλ ), here optical phonons [43, 44, 45]. As in the case of 

estimating the ballisticity of transistor channels, this is given by ( )E E G/C Lλ λ= +  [45]. For 

grain lengths LG ~ 30 nm, which are about what is observed in the TEM images of our 

structures, C is computed to be C ~ 0.5. We note that this is a simple estimate of the average 

energy relaxation in the grain, although in principle this quantity has a spatial dependence as 

well. The overall Seebeck coefficient is then given by: 

                                             tot ball diff(1 )S CS C S= + −                                        (11) 

       

      Finally, the ZT figure of merit is computed by the relation 
2

l/ZT S Tσ κ= . 

 

4. Thermoelectric Performance 
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In Fig. 3 we present in blue dots the measured data for the nanocrystalline structures 

versus carrier density. Figure 3a shows the electrical conductivity, Fig. 3b the Seebeck 

coefficient, and Fig. 3c the power factor. During the sequential annealing steps, the amount of 

boron segregating at the grain boundaries decreases (dose loss through out-diffusion of boron), 

and the barrier heights and the width of the depletion region around the grain boundaries 

increase (decreasing the overall mobile carrier concentration by almost an order of magnitude 

from p = 4.4×10
20

 cm
-3

, to p = 5.6×10
19

 cm
-3

), as also described by Seto and Orton [39, 40]. 

The data from right to left (for reducing carrier density) show the evolution of the 

thermoelectric coefficients, measured at room temperature, after the sequential annealing 

steps. The left-most point corresponds to the structure under the largest number of annealing 

steps, and the largest annealing temperature, 1000 °C. In the direction of decreasing 

concentration (right to left), the data shows that the conductivity initially drops from σinit. = 

600 Ω
-1

cm
-1

 to σ = 265 Ω
-1

cm
-1

. Below concentrations p = 10
20

 cm
-3

, however, it increases to 

σfinal = 710 Ω
-1

cm
-1

. The Seebeck coefficient, on the other hand, monotonically increases from 

Sinit= 0.1×10
-3

 VK
-1

  to Sfinal= 0.48×10
-3

 VK
-1

. For carrier concentrations below p = 10
20

 cm
-3

, 

where both σ and S increase, the σS
2
 largely increases (from σS

2
init. = 0.55×10

-3
 Wm

-1
K

-2
 to 

σS
2

final = 15.7×10
-3

 Wm
-1

K
-2

). Below we provide explanations for this behavior using our 

theoretical model. 

 

In our calculations we keep the grain size constant at LG = 30 nm and the width of the 

grain boundary at LGB = 2 nm, consistent with what is observed in the TEM images of our 

samples [21]. (Note that in the depth direction the distribution of grain is more elongated with 

WG=100nm, which has some effect on our calculations as well, as we discuss below). To 

identify the influence of each parameter that affects the performance of the nanocrystalline 

material, we simulate structures with different features. Starting from the p-type bulk Si 

calculation (black line), we gradually add: i) the grain boundaries with barriers Vb = 0.165 eV 
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(blue line), ii) a reduction (from bulk) and variation in the thermal conductivity of the grain 

with respect to the grain boundary region with κG = 12 Wm
-1

K
-1

 and κGB = 2 Wm
-1

K
-1

 (red 

line), iii) an increase of the depletion width in the grain region (green line) that leaves only 

55% of the grain non-depleted. Our simulations aimed to interpret the left-most measurement 

points shown in Fig. 3, which correspond to the highest annealing temperature (1000 
o
C) and 

the lowest hole concentration. At such high annealing temperature, an effective average 

barrier is formed for carrier transport. Our data shows that this is not the case for lower 

annealing temperatures. The value Vb = 0.165 eV provides a good match between simulation 

and measurements for both, Seebeck coefficient and electrical conductivity. Note that this 

value is also consistent with the experimental data on the temperature dependence of the 

mobility, from which we have extracted an effective barrier height of Vb eff  ~ 0.07 eV (Fig. 2a). 

In the material with the highest power factor, the position of the Fermi level at an overall 

carrier concentration p = 5.6×10
19

 cm
-3

 is ~0.095 eV into the valance band (Fig. 2c). This 

results in an overall barrier of Vb = 0.165 eV. 

       

i) Introduction of grain boundaries (blue lines – labeled (A) in Fig. 3): With the 

introduction of the grain boundary barriers the most drastic effects are observed in the 

Seebeck coefficient in Fig. 3b (blue line), since the barriers increase carrier filtering. Indeed, 

after the sequential annealing steps that build these barriers, the measured data show that the 

Seebeck coefficient increases from Sinit.= 0.1 VK
-1

  at carrier concentrations p = 4.4×10
20

 cm
-3

, 

to Sfinal.= 0.48×10
-3

 VK
-1

 at p = 5.6×10
19

 cm
-3

. This is captured adequately by our model (blue 

line labeled (A) in Fig. 3b), which shows the Seebeck coefficient vs. carrier concentration for 

Vb = 0.165 eV. The barriers, on the other hand, reduce the electrical conductivity since only 

high energy carries can overpass them. The measurements show that the conductivity is 

reduced form σinit. = 600 Ω
-1

cm
-1

 (at p = 4.4×10
20

 cm
-3

) to σ = 265 Ω
-1

cm
-1

 (at p = 1×10
20

 cm
-3

) 

as the barriers are build. Indeed, our calculations for such a material with barriers of Vb = 
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0.165 eV show a reduction in conductivity compared to bulk (black line in Fig. 3a) at low 

carrier concentrations since carriers do not have enough energy to overpass the barriers (blue-

red line labeled (A,B) in Fig. 3a and in the inset of Fig. 3a). At higher carrier concentrations, 

however, the Fermi level in the channel is high enough, and the carriers have enough energy 

to surmount the barriers. The conductivity then sharply increases as indicated in Fig. 3a (blue-

red line), reaching the monocrystalline material conductivity at concentrations above p ~ 10
20

 

cm
-3

. As a consequence of the increase in S and only weak reduction in σ at high 

concentrations, the power factor S
2
σ increases as shown in Fig. 3c compared to bulk (blue-(A) 

versus black line). The maximum power factor reaches σS
2

 ~ 9 mWm
-1

K
-2

 at concentrations p 

~ 10
20

 cm
-3

, still, however, lower than the maximum measured value of  σS
2
~16 mWm

-1
K

-2
.  

 

ii) Variation in thermal conductivity (red lines – labeled (B) in Fig. 3): In nanograined 

materials the thermal conductivity decreases drastically with decreasing grain size due to 

confinement and strong phonon boundary scattering (see inset of Fig. 5). A grain of size 

30×30×100 nm
3
 (the grain size in this work) was calculated to have thermal conductivity as 

low as κG = 12 Wm
-1

K
-1

. Within the grain boundaries phonons are scattered even more 

strongly by the higher concentration of defects and imperfections and the thermal 

conductivity can approach the amorphous limit κGB = 2 Wm
-1

K
-1

. The overall thermal 

conductivity of our structure could then drop below 5 Wm
-1

K
-1

. According to Eq. (10b), the 

Seebeck coefficients are weighted by the temperature drops in the different regions, and thus 

the Seebeck coefficient in the regions with low thermal conductivity is dominant. Therefore, 

the smaller thermal conductivity of the grain boundaries (where Seebeck is larger) further 

improves the overall Seebeck coefficient (red line in Fig. 3b) [38, 44]. The electrical 

conductivity in Fig. 3a is not affected (red and blue lines coincide). As a result, a noticeable 

improvement can be observed in the power factor in Fig. 3c (red line – (B) versus blue line – 
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(A)). The maximum simulated power factor reaches σS
2

 ~ 12×10
-3

 Wm
-1

K
-2

 at concentrations 

p ~ 10
20

 cm
-3

, one step closer to the maximum measured value (left-most data point).   

 

iii) Increase in the width of the depletion region (green lines – labeled (C) in Fig. 3): 

The third effect we consider is the depletion of carriers from the regions near the grain 

boundary and the increase in the width of the depletion region as the carrier concentration is 

reduced. This is a normal behavior in polycrystalline Si [39, 40]. The effect is depicted in the 

simplified schematic of Fig. 2c (the actual shape is as in the inset of Fig. 2a).  

 

In our case, we assume that the grains are partially depleted by 45% (55% non-

depleted). Our calculations show that in such case the electrical conductivity in the grain and 

in the overall structure at lower carrier concentrations (below p = 3×10
19

 cm
-3

) increases 

compared to the non-depleted case, but it is still lower than bulk, as shown in Fig. 3a and its 

inset (green line). We note that we have no way of determining the depletion scale, we rather 

use it as a parameter to match the measured conductivity. An interesting observation lies in 

the fact that for concentrations above p = 3×10
19

 cm
-3

, the electrical conductivity of the 

nanocrystalline material largely increases, and overpasses that of the monocrystalline bulk. 

The reason is that at the same carrier (or doping) concentration, the Fermi level resides higher 

in the grains of the nanocrystalline material compared to the monocrystalline material. The 

barriers and depletion introduce regions of low carrier concentration. This local reduction is 

compensated by a rise of the Fermi level within the grain, which consequently causes an 

increase in the conductivity. Simply stated, there is less space now in the grain to be filled 

with carriers and the Fermi level rises to maintain global charge neutrality. (We clarify that 

the carrier concentrations we mention throughout the paper are calculated by assuming a 

uniformly doped structure. In the non-uniformly doped nanocrystalline material, the doping 
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level is actually higher in the middle of the grain, and lower near and around the grain 

boundaries.) 

 

The difference between the Fermi level and the band edge in the grain ηF = EF-EV 

versus carrier concentration is shown in Fig. 4a. ηF is larger (more negative) in the structure 

that includes barriers (red line), and even higher in the structure that includes depletion, 

compared to bulk (black line). At carrier concentrations of p ~ 5.6×10
19

 cm
-3

, ηF is almost 

2kBT higher compared to bulk material (black line), and 1.5kBT higher than what it is in the 

non-depleted grain case (red line). The higher EF increases the mean-free path for scattering 

by almost three times as shown in Fig. 4b. As a result, the electrical conductivity in the grain 

and in the overall structure also increases, as shown in Fig. 3a (green line). Although it 

slightly reduces the Seebeck coefficient as shown in Fig. 3b, it finally improves the power 

factor by an additional 25% (green line in Fig. 3c), reaching the maximum power factor 

measured in our samples, which is σS
2

 ~ 15.7×10
-3

 Wm
-1

K
-2

.  

 

Simultaneous increase in σ and S: The simultaneous increase in σ and S can normally 

not be achieved in thermoelectric materials, and we believe that we demonstrate a rare case in 

which this happens. It is actually commonly believed that in no way both the Seebeck 

coefficient and the electrical conductivity may increase simultaneously with carrier density. 

This interdependence holds in bulk and can break down in more complex structures where 

additional mechanisms may modify the dependencies of σ and S upon the carrier 

concentration [12]. In highly doped poly-Si, the boron atoms diffuse easily with increasing 

annealing temperature, and move towards the grain boundaries where they partially 

precipitate. The overall carrier concentration, therefore, decreases (the dots move from right 

to left in Fig. 3). The formation of dopant clusters at the grain boundaries creates a non-

uniform impurity and defect concentration in the material, which increases the barrier heights 
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in the grain boundaries, allows the depletion regions to extend in the grains, and increases the 

number of scattering centers for phonons in the grain boundary. 

 

We propose that the concurrent increase of the Seebeck coefficient and the electrical 

conductivity results from the fact that as the barrier rises and/or the width of the depletion 

region around the grain boundary increases, two effects take place: i) the Fermi level rises, 

and is placed well inside the valence band, which allows the faster high energy carriers to 

participate in transport, and ii) the overall MFP for scattering increases because high energy 

carriers are scattered less by impurities, which is the dominant scattering mechanism.  These 

two effects compensate the detrimental effect of the grain boundary barriers on the 

conductivity, and for p < 10
20

 cm
-3

 (or above a specific EF position), an overall increase in σ is 

achieved. The raise in EF is possible because the volume (or length) of the grain boundary 

together with the depletion region are comparable to the volume of the ~ 30 nm grain. For 

larger grain sizes, i.e. 1µm, where the grain boundary and depletion region occupy a very 

small portion of the overall volume, our simulations show that σS
2
 approaches the bulk value 

within <10%. Therefore, both, nanocrystallinity, and extremely high boron doping levels at 

the center of the grain, are essential ingredients for this novel observation. 

 

ZT figure of merit and thermal conductivity: The calculated ZT figure of merit is 

shown in Fig. 3d for the three design steps described above: (A) the introduction of grain 

boundaries (blue line), (B) the variation in the thermal conductivity between the grain and 

grain boundary (red line), and (C) the charge carrier depletion of the grain region (green line). 

In case (A), the ZT remains low (blue line) since at this stage of the calculation we have still 

used the large bulk value for the thermal conductivity, κl = 140 Wm
-1

K
-1

. An increase in the 

simulated ZT figure of merit is observed with ZTmax ~ 0.5 in case (B) (red line) in which the 

calculated thermal conductivity is significantly lower, κl = 12 Wm
-1

K
-1

 in the grain and κl = 2 
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Wm
-1

K
-1

 in the amorphous grain boundary regions. In case (C), in which a higher power 

factor was achieved, the ZT reaches ZTmax~0.65. We note that similarly high ZT values have 

been previously observed for monocrystalline 1D Si NWs [3, 4] with much lower thermal 

conductivities, but here we show that this could be possible in a 3D Si-based material as well. 

In this material, the contribution originates from both, power factor increase, and thermal 

conductivity reduction.  

We mention, however, that in the calculation of the ZT in Fig. 3d, we used our 

calculated thermal conductivity values, since we do not have access to experimentally 

measured ones. In our measurements we only have access to the cross-plane thermal 

conductivity, normal to the direction of charged carrier transport, and not in parallel to that 

[46]. Silicon itself is not expected to be anisotropic – but the morphology is oriented, as in 

most CVD films. In the film the grains are quite elongated, with the 30 nm size in the in-plane 

directions and somewhat larger (even up to ~100 nm) in the normal-to-the-substrate direction. 

The thermal conductivity was measured normal to the film by using time−domain 

thermoreflectance in a previous work [46]. That measured value is κl exp. = 25±5 Wm
-1

K
-1

 and 

was measured both in the as−grown film and after annealing at 1000 °C [46]. Such a value is 

lower by about a factor five with respect to single crystal silicon and comparable to the 

thermal conductivity reported on micro− and nano−crystalline silicon, but higher than our 

calculations. We believe that the reasons of this discrepancy are: i) The measurements were 

performed in the direction where the grain size is of order 100 nm. In that direction, higher 

conductivities are expected compared to the transport direction in which the grain size is 

about 30 nm. ii) We assumed the grain boundary to be an amorphous region with κl = 2 Wm
-

1
K

-1
, which could be an underestimation. iii) The actual structure contains a distribution of 

sizes, embedded with a conducting network that also conducts in parallel and not only in 

series as assumed. These can strongly influence the thermal conductivity and could provide 

higher measured values than our calculations. Although in the case of electrical transport we 
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had access to several parameters other than the geometry to calibrate our model 

(concentration, Seebeck, conductivity, barrier heights), in the case of thermal conductivity this 

was not the case. Therefore, for consistency with the transport orientations, we used our 

calculated κl values for the 30×30×100 nm
3
 grains (with transport along the 30nm side) in 

calculating the ZT figure of merit. We would expect that this might provide ZT values closer 

to the upper limit for such geometry. In this work we mainly focus in identifying the essential 

physics behind the co-occurrence of improvements in Seebeck coefficient and electrical 

conductivity, and the exact value of κl does not qualitatively affect this.     

We finally note that the thermal conductivity measurements showed no change of the 

thermal conductivity upon annealing, its value being unchanged at 25±5 W K
-1

m
-1

. Phonon 

scattering is seemingly dominated by grain boundaries and is rather insensitive to the 

formation of an inter-phase around it. Therefore, the improvement of the power factor upon 

annealing is not compensated by the thermal conductivity reduction in this material. This 

allows for both the thermal conductivity reduction and the power factor increase to contribute 

to the ZT improvement.     

 

Approximations and assumptions: In our simulations transport is treated within the 

semiclassical approximation and the bulk Si bandstructure is used; the potential energy profile 

is assumed flat within the grains while the width of the depletion region near the boundary is 

set as a parameter. Two-phase transport is treated within a nanocrystalline material, assuming 

that carriers travel through a uniform sequence of grains overcoming rectangular potential 

barriers at the grain boundaries. These simplifications are commonly used to describe 

transport properties in polycrystalline materials. Although a more sophisticated model could 

provide quantitatively more reliable estimations, as well as include more geometry details 

such as the grain size distribution and network conductivity, we do not expect our main 

qualitative conclusions to be affected. In our approach, we have systematically evaluated the 
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effect of each mechanism and we have identified the major mechanisms that are responsible 

for the simultaneous increase of the conductivity and the Seebeck coefficient. We emphasize 

that the experimental data on the mobility, the conductivity, and the Seebeck are 

simultaneously and consistently interpreted.  

 

Regarding the thermal conductivity calculations, we again assumed an amorphous 

grain boundary region, and a uniform resistive network for transport. The inset of Fig. 5 

shows the individual grain thermal conductivity as a function of the effective grain sizes, 

calculated using the geometric ratio of its actual sizes (red-dashed line). The thermal 

conductivity of a rather large 200 nm diameter grain was found to be κl ~31 Wm
-1

K
-1

, 

whereas that of a 10 nm grain κl ~2.7 Wm
-1

K
-1

. For the grains under consideration 

(30×30×100 nm
3
), κl ~12 Wm

-1
K

-1
. The black-dashed line shows using Eq. 7 that if κGB = 2 

Wm
-1

K
-1

, i.e. amorphous region, the overall thermal conductivity of our structure could drop 

below 5 Wm
-1

K
-1

. Our calculations are in agreement with other calculations as well [37]. Our 

calculated values used in the simulations are smaller than κl exp. = 25±5 Wm
-1

K
-1

. A one-to one 

comparison between the theoretically estimated thermal conductivity of the grains/grain 

boundaries and the measured thermal conductivity normal to the film direction is not possible,  

as explained above. Nevertheless, in Fig. 5 we calculate the ZT figure of merit that could be 

achieved in case (C) of Fig. 3, once a larger, isotropic κl exp. = 25±5 Wm
-1

K
-1

 is considered. 

This is shown by the dashed-blue line. The ZT of course now is lower, ZT~0.2, only ~20 times 

higher than bulk. For comparison purposes we show in green-line the same result as in Fig. 3d 

(C), which stands three times higher. We show, however that once smaller grains are 

considered, the ZT raises by 20% to ZT~0.8. The first case is the worst case scenario for ZT, 

since we expect the thermal conductivity to be higher along the longer 100nm grain 

dimensions. The last two cases (green and red lines) represent the more optimistic, closer to 
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an upper limit scenario. Still, however, even in the first case, both the thermal conductivity 

reduction and the power factor increase contribute equally to this ZT improvement.  

 

5. Conclusions 

 

In summary, we report on the thermoelectric power factor of heavily boron-doped 

nanocrystalline Si material of grain sizes ~30nm as the carrier concentration drops from 

~4.4×10
20

 cm
-3

 down to ~5.6×10
19

 cm
-3

 upon subsequent annealing steps. Our measurements 

indicate that the Seebeck coefficient monotonically increases with reduction in the carrier 

concentration. Interestingly, for carrier concentrations below 10
20

 cm
-3

, a simultaneous 

increase in the electrical conductivity is also observed, which provides large power factors, 

five times larger than what can be achieved in bulk Si. Our theoretical investigation, involving 

both electron and phonon transport in nanocrystalline Si materials reveals that: i) The 

improvement in the Seebeck coefficient can be attributed to the increase in carrier filtering 

due to the energy barriers at the grain boundaries, and due to the non-uniformity of the lattice 

thermal conductivity between the grains and grain boundaries. ii) The improvement in the 

electrical conductivity is a result of a higher Fermi level in the grain compared to bulk 

material at the same carrier concentration. This allows high energy carriers to contribute to 

transport, increases the mean-free-path due to impurity scattering, and thus increases the 

conductivity in the grain. Our calculations indicate ZT~0.65 could be achieved in the grown 

polycrystalline films. We finally point out that ZT values well above unity could be possible 

in such Si nanoycrystalline structures of lower dimensionality (thin layers, nanowires) where 

the thermal conductivity is expected to be further reduced. Our results importantly 

demonstrate that in the presence of both, nanocrystallinity, and very high doping levels in the 

crystal grains, the adverse interdependence between the Seebeck coefficient and the electrical 

conductivity is lifted, resulting in a very high power factor. 
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Figure 1: 

  

(b)

(a)

 
 

(a)The calculated scattering mean-free-paths (MFPs) of holes versus energy for different 

scattering mechanisms. i) Acoustic phonons (magenta). ii) Acoustic plus optical phonons 

(red). iii) Quantum reflections from a series of uniformly spaced barriers of height Vb (blue). 

iv) Ionized impurity scattering (green). The overall MFP is shown in black. The position of 

the Fermi level at p = 5.6×10
19

 cm
-3

 in the nanocrystalline structure analyzed is indicated in 

brown-dashed. (b) p-type bulk Si mobility measurements from Ref. [30] (black dots / thin line 

fitting), and Ref. [32] (green dots / thin line fitting). Simulation results for bulk p-type Si are 

shown in black. Simulation results for nanograined Si are shown in solid-green. The extracted 

mobility from our nanograined Si samples is depicted by the blue dots. 
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Figure 2: 
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(a) The µ versus T
-1

 experimental measurements. An effective barrier height of Vb eff = 0.07 

eV is extracted. Inset: An illustration of the band profile in the poly-Si material, indicating the 

barrier increase at the position of the grain boundaries and the depletion region extending into 

the grain (see Ref. [39]). (b) The nanocrystalline model, consistent of grain and grain 

boundaries. LG is the length of the grain region and LGB the length of the grain boundary 

region. (c) The simplified nanocrystalline model including the depletion region effect. The 

depletion region extends into the grain and the barrier increases. At 45% grain depletion, the 

Fermi level is positioned 0.095 eV into the valence band. 
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Figure 3: 

 

(b)

(a)
(c)

(d)

 
 

Thermoelectric coefficients versus carrier concentration for: I) measurements for the 

nanocrystalline Si material (blue-dots), II) simulation results for p-type bulk Si (black lines), 

and III) simulations of nanocrystalline Si with grain size LG = 30 nm, grain boundary width 

LGB = 2 nm, and barrier height Vb = 0.165 eV (blue, red, green lines). Specific considerations: 

i) Assume κl = 140 Wm
-1

K
-1

 in the entire material (blue lines). ii) Assume a non-uniform 

thermal conductivity with κG = 12 Wm
-1

K
-1

 and κGB = 2 Wm
-1

K
-1

 (red lines). iii) Same as (ii) 

but in addition the depletion width is such that that reduces the carrier concentration in the 

grain to 55% (green lines). This is the model case for the left-most experimental point. (a) The 

electrical conductivity. Inset: The electrical conductivity in logarithmic scale. (b) The Seebeck 

coefficient. (c) The power factor. (d) The ZT figure of merit.  
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Figure 4: 

 

 

(b)

(a)

 
 

(a)The distance of the Fermi level from the band edge, ηF=EV-EF, versus carrier concentration. 

Shown: i) p-type bulk Si (black line). ii) nanocrystalline Si with grain size LG=30nm, grain 

boundary width LGB=2nm, and barrier height Vb = 0.165 eV (red line). iii) same as (ii) plus the 

depletion width is such that that it reduces the carrier concentration in the grain to 55% (green 

line). The energy position of the grain boundary barrier Vb = 0.165 eV is indicated by the blue 

line and the position of the valence band in dashed-black. The green dot at ηF = -0.095 eV 

indicates the Fermi level at the carrier concentration of p = 5.6×10
19

 cm
-3

, where the 

maximum power factor is achieved. (b) The mean-free-path for scattering versus energy in the 

grains of the material. The positions of the barrier and of the Fermi level for cases ii) and iii) 

are indicated.   
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Figure 5: 

 

The ZT figure of merit versus carrier concentration for cases: i) Cubic grains of side size 

30nm (red line) and overall thermal conductivity κl = 3 Wm
-1

K
-1

. ii) Grain sizes of 30×30×100 

nm
3
 (green line – same as in Fig. 3) and overall thermal conductivity κl = 4 Wm

-1
K

-1
. iii) 

Grain sizes of 30×30×100 nm
3
 with assumed overall thermal conductivity κl = 25 Wm

-1
K

-1
. 

Inset: The calculated thermal conductivity as a function of the effective grain size. Red-

dashed is the thermal conductivity of the grain only. Black-dashed is the overall thermal 

conductivity calculated using Eq. 7 and assuming κGB = 2 Wm
-1

K
-1

.  

 


