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A B S T R A C T   

The thermoelectric effect is important for thermal sensing, energy harvesting and other applications. This paper 
investigates the Seebeck coefficient of silicon carbide (SiC) on silicon (Si) heterojunctions and discusses the 
mechanism underlying the observed effects. The measured Seebeck coefficients of p-3C-SiC/p-Si and n-3C-SiC/p- 
Si heterojunctions are much higher than other reported values for SiC materials. The maximum Seebeck co-
efficients of p-3C-SiC/p-Si and n-3C-SiC/p-Si obtained were 1720 µV/K at 383 K and –421 µV/K at 396 K, 
respectively. These values are almost three times higher than those of other p-SiC and n-SiC materials. The high 
Seebeck coefficient in SiC/Si heterojunctions is attributed to the unique structure of the heterojunctions, which 
enables thermally activated charge carriers to migrate from Si to SiC. The results suggest that these hetero-
junctions can be exploited to develop highly sensitive self-powered thermal sensors.   

1. Introduction 

Silicon (Si) is the dominant material for fabricating micromechanical 
components and microelectronics [1]. Because Si is the most commonly 
used material, fabrication technology has evolved around Si production. 
However, Si yet exhibits a small band gap that can compromise its 
reliability and functionality when subjected to increased temperature. 
Thus, many other semiconductors with higher band gaps have emerged 
as possible replacements for application in harsh environments, such as 
silicon carbide (SiC), gallium nitride and gallium arsenide. 

As a possible Si replacement, SiC possesses excellent mechanical and 
electrical properties, a wide band gap, extraordinary chemical inertness, 
mechanical robustness and a high-temperature stability [2–5]. Addi-
tionally, 3C-SiC growth can be performed on an Si substrate, allowing 
compatibility with the traditional microfabrication process and reducing 
production cost. Therefore, the development of position-sensitive de-
tectors [6], mechanical sensors [7,8], diodes [9,10] and high-frequency 
electronics [11] based on the 3C-SiC/Si heterojunction has gained 
increasing interest. 

For thermal applications, the thermoelectric properties of SiC and Si 
have been extensively studied. SiC particles have been used to enhance 
the Seebeck effect in different materials [12–14]. Additionally, α-SiC 

demonstrated a maximum value of 600 μV/K, while a low-doped p-type 
SiC reached a value of 300 μV/K. The thermoelectric properties of SiC 
nanowires have been studied at the nanoscale level [15], while SiC thin 
films have also attracted attention [16]. For instance, heavily doped 
n-type polycrystalline SiC thin film with a Seebeck value of –20 μV/K has 
been reported [17]. Further, other research has studied the Seebeck 
coefficient of monocrystalline and polycrystalline SiC measured at 
300–533 K [18]. Yamashita revealed a Seebeck coefficient value of –198 
μV/K for n-type Si [19] and –130 μV/K for n-type polysilicon [20]. 
P-type poly-Si and Si ingots have indicated Seebeck coefficients of 300 
μV/K [21] and 411 μV/K, respectively [22]. Despite these existing 
studies, how the SiC/Si heterojunction contributes to the Seebeck effect 
has not yet been reported. 

In this paper, we fabricated 3C-SiC/Si heterojunctions by growing 
single crystalline p-3C-SiC and n-3C-SiC nanofilms on p-Si substrate 
using a low-pressure chemical vapor deposition (LPCVD) process. Some 
preliminary results related to the n-SiC/p-Si heterojunction have been 
published previously [23]. This work will advance the study by [23] 
through proposing a more thorough explanation of the mechanisms 
behind the large Seebeck coefficient and its dependence on the tem-
perature of both p-3C-SiC/p-Si and n-3C-SiC/p-Si heterojunctions. This 
is done through considering the activation energies of acceptor atoms in 
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p-3C-SiC, p-Si, and donor atoms in n-3C-SiC to explain the behaviour of 
the Seebeck coefficient at different temperatures. The maximum point of 
the n-3C-SiC/p-Si Seebeck coefficient was also discussed. The Seebeck 
coefficient was measured in an extended range of temperatures between 
336 K to 434 K. The maximum Seebeck coefficients in the p-3CSiC/p-Si 
and n-3C-SiC/p-Si heterojunctions were measured to be 1720 μV/K and 
− 421 μV/K, respectively. Overall, the Seebeck values reported in this 
study are almost three times higher than those previously reported for 
SiC materials. These high values together with steep temperature gra-
dients can open the door for developing new self-powered thermal 
sensors. Moreover, because of differences in nonlinearity with absolute 
temperature between the two pairs of materials, using both p-SiC/p-Si 
and n-SiC/p-Si heterojunctions together in one sensing unit could 
potentially extract the absolute temperature and not just a temperature 
difference using the Seebeck effect. 

2. Design and Fabrication of SiC/Si Heterojunction 

Fig. 1a shows the schematic sketch of the proposed p-3 C-SiC/p-Si 
and n-3 C-SiC/p-Si heterojunctions devices for the characterization of 
the Seebeck coefficient. The thickness of p-Si was 600 µm and those for 
p-3 C-SiC and n-3 C-SiC films were 390 nm. The distance between the 
two electrodes is 9 mm. Two thermocouples were attached to the two 
electrodes (labeled as Th and Tc, for hot and cold electrodes) to simul-
taneously measure temperatures at each electrode. The device is 
attached to a Linkam HFS600 heater and positioned at a distance of 
5 mm from the left electrode (Fig. 1b). The temperature of the hot 
electrode was accurately controlled from 336 to 434 K by the heater. The 

non-uniform thermal energy applied to the system excites charge car-
riers in Si and SiC layers, inducing a gradient of charge carrier con-
centration, and hence a voltage between the two electrodes. The 
Seebeck coefficient is obtained by the ratio of the voltage and the tem-
perature difference between the two electrodes: 

S =
V

ΔT
=

V
(Th − Tc)

(1)  

where V and ΔT are respectively the potential and temperature differ-
ences between the hot electrode and cold electrode. 

A single-crystal 6-inch lightly doped (1014 cm− 3) p-type Si (100) 
wafer was used as the substrate (Fig. 2a). N-type and p-type 3C-SiC (100) 
films were epitaxially grown on the p-type Si substrate using a low- 
pressure chemical vapor deposition (LPCVD) reactor at 1000 ͦC, 
(Fig. 2b). C3H6 and SiH4 were used as precursors to supply carbon and 
silicon atoms [24]. For n-type and p-type doping, ammonia (NH3) and 
trimethylaluminum [(CH3) 3Al] were used, respectively. The doping 
concentrations of p-SiC and n-SiC were measured by the four-point 
probe measurement method to be approximately 1018 cm− 3 and 1019 

cm− 3, respectively. Next, a 300-nm thick nickel film was sputtered on 
the surface of the 3C-SiC thin film (Fig. 2c). Photoresist AZ1512 (~4 μm) 
was spin-coated on top of the 3C-SiC (Fig. 2d). Electrodes were 
patterned by using the maskless aligner Heidelberg MLA150 to define 
the electrode shape on the photoresist, and then nickel was etched to 
form nickel electrodes. Finally, the samples were cleaned and diced 
(Fig. 2e). Fig. 2f shows an optical image of the fabricated sample. 

Fig. 1. a) Schematic diagram for measuring the Seebeck coefficients of p-3C-SiC/p-Si and n-3C-SiC/p-Si heterojunctions; b) Dimensions of the SiC/Si device are 
35 mm × 6.5 mm × 0.63 mm (length × width × thickness) and dimensions of Ni electrode 3400 µm × 300 µm × 0.3 µm (length × width × thickness). 

Fig. 2. Fabrication process of the n-3C-SiC/p-Si and p-3C-SiC/p-Si heterojunctions: a) p-Si wafer, b) growth of n-3C-SiC or p-3C-SiC on p-Si wafer, c) Sputtering of Ni 
layer, d) deposition of photoresist, photolithography and Ni etching, e) Dicing. f) Optical image of the device. 
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3. Results and discussion 

The stability of temperature is a critical parameter for performing a 
reproducible and consistent measurement of the Seebeck coefficient. 
Fig. 1 shows our experimental setup, which induces a temperature range 
(336 K to 434 K) for the hot electrode Th to measure the Seebeck coef-
ficient of the p-3C-SiC/p-Si and n-3C-SiC/p-Si heterojunctions at various 
temperatures. The temperature difference between the top and bottom 
of the samples was measured to be from 7 K to 30 K, while the tem-
perature difference between the hot and cold electrode ranged from 5 K 
to 9 K. Heat losses can explain the above temperature differences which 
arise due to heat transfer via free convection and radiation into the 
surroundings, which are at ambient temperature. 

The voltage was measured between the hot and cold electrodes and 
the Seebeck coefficient was calculated using Eq. 1. The measurement 

was carried out three times for each condition which are shown in Fig. 3. 
The p-3C-SiC/p-Si device indicated a positive Seebeck coefficient while 
the n-3C-SiC/p-Si device indicated a negative Seebeck coefficient. These 
positive and negative signs align with the literature. Because the charge 
carriers determine the magnitude and sign of the Seebeck coefficient, 
holes, as the majority charge carrier in p-3C-SiC determined a positive 
value [25], while electrons, as the majority charge carrier in n-3C-SiC 
determined a negative value [26]. For the p-3C-SiC/p-Si sample, the 
maximum Seebeck coefficient was 1720 µV/K at 386 K as shown in 
Fig. 3a. On the other hand, the n-3C-SiC/p-Si showed a maximum See-
beck coefficient of − 421 µV/K at 396 K as shown in Fig. 3b. For the 
temperature range considered, the Seebeck coefficient for p-3C-SiC/p-Si 
appears to be more stable than that for n-3C-SiC/p-Si. 

The results in Fig. 3 can be explained in terms of how the charge 
carriers are generated in the heterojunctions when thermal energy is 

Fig. 3. Seebeck coefficient vs temperature of the hot electrode for a) p-3C-SiC/p-Si heterojunction and b) n-3C-SiC/p-Si heterojunction.  

Table 1 
Temperatures of the samples and associated charge carrier generation in n-3C-SiC, p-Si, p-3C-SiC.  

Temperature Thermal energy 
(kT) 

Activation energy 
dopants 

Fully ionized atom Band diagram 

Th: 336 K 
TSi: 343 K 

28.9 meV 
29.6 meV 

Nitrogen: 15 meV Nitrogen donor 
in n-SiC 

Th: 396 K 
TSi: 416 K 

34.1 meV 
36 meV 

Boron: 36 meV Boron acceptor in 
p-Si 

Th: 434 K 
TSi: 464 K 

38 meV 
40 meV 

Aluminum: 
45 meV 

Aluminum 
acceptor 
in p-SiC 

Note: Th and TSi is the temperature at the hot electrode and in p-Si layer, thermal energy is calculated from (kT) at each location. Ec,SiC = Conduction band of SiC, EV,SiC 

= Valence band of SiC, ED,N= Donor level of nitrogen in SiC, EA,Al= Acceptor level of aluminum in SiC, Ec,Si=Conduction band of Si, EV,Si=Valence band of Si and 
EA,B=Acceptor level of boron in Si.  
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introduced to the material. If this energy is higher than the activation 
energy of the impurities or the energy gap of intrinsic Si or SiC, the 
charge carriers will be fully generated. Specifically, in p-Si and p-3 C- 
SiC, the charge carrier concentration is proportional to exp(-Ea/kT), 
where Ea is the activation energy of the acceptor, k is the Boltzmann 

constant (k= 8.6174×10− 5 eV/K), and T is the temperature (K). The 
activation energy of the acceptor in p-Si (boron) is approximately 
36 meV [27]. While the activation energy of the acceptor in p-3 C-SiC 
(aluminum) is 160 meV [25] which decreases to 45 meV for higher 
doping concentrations [28]. Similarly, in n-3 C-SiC, the charge carrier 

Fig. 4. a) p-3C-SiC/p-Si structure; b) Band diagram for the hot electrode; c) Band diagram for the cold electrode; d) n-3C-SiC/p-Si structure; e) Band diagram for the 
hot electrode; f) Band diagram for the cold electrode. 
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concentration produced by the thermal energy is proportional to exp 
(-Ed/kT), where Ed is the activation energy of the donor. The activation 
energy of the donor n-3 C-SiC (nitrogen) is 50 meV for low doping 
concentration which decreases to 15 meV for high doping concentration 
[29–31]. The charge carrier concentrations generated from Si and 
3 C-SiC atoms by thermal energy are proportional to exp(-Eg/2kT), 
where Eg is the band gap, Eg = 2.38 eV and = 1.12 eV for 3 C-SiC and Si, 
respectively. At temperatures below 500 K as in this work, the contri-
butions of the intrinsic Si and SiC are so small compared to that of the 
impurities [32] that they can be considered negligible. Table 1 illus-
trates the charge carriers generated from impurities at different tem-
peratures at which impurities (nitrogen, boron, aluminum) are fully 
ionized. 

The charge carriers generated in Si will move to SiC due to the built- 
in electric field across the SiC/Si heterojunctions (Fig. 4a and 4d). For p- 
3C-SiC/p-Si (Fig. 4a) the majority of charge carriers migrating to SiC are 
holes while for n-3C-SiC/p-Si (Fig. 4d) the majority are electrons. The 
thermal energy induces a higher charge carrier concentration near the 
hot electrode compared to the cold electrode. Fig. 4a and d illustrate the 
gradient of charge carrier concentration between the two electrodes for 
p-3C-SiC/p-Si and n-3C-SiC/p-Si, respectively. This results in a potential 
difference between the two electrodes. 

Fig. 4b, c, e, and f illustrate the band diagrams of the SiC/Si heter-
ojunctions at the hot and cold electrodes. This is based on the conduction 
band offsets between the conduction bands and valence bands of Si and 
SiC. Specifically, the conduction band offset ΔEC = 0.45 eV and the 
valence band offset ΔEV = 1.7 eV [33,34]. Considering the charge car-
rier concentration for the p-3 C-SiC/p-Si in the hot electrode, the Fermi 
energy level of p-Si (EF-Si-HE) moves closer to the valence band of Si. 
Similarly, the Fermi energy level of the p-3C-SiC (EF-SiC-HE) is closer to 
valence band of SiC, Fig. 4b. While near to the cold electrode, the Fermi 
energy levels for p-Si (EF-Si-CE) and p-SiC (EF-SiC-CE) are levelled and are 
located further from the valence bands compared with the levels for the 
hot electrode (Fig. 4c). In the Si region closer to the hot electrode, charge 
carriers (holes) with enough energy can migrate from the p-Si to the 
p-3C-SiC through thermal emission, tunelling and built-in electric field 
across the p-3C-SiC/p-Si heterojunction (Fig. 4a, b), then diffuse towards 
the cold electrode (Fig. 4a). A potential difference is generated between 
the electrodes because of the gradient of charge carrier concentration. 
This potential difference increases as the temperature rises because heat 
energy activates more charge carriers in the region under the hot 
electrode. 

Similarly, near to the hot electrode in the n-3C-SiC/p-Si, electron 
hole pairs are generated, and electrons migrate to SiC due to the built-in 
electric field across the heterojunction. More holes are left behind in p- 
Si. Therefore, the Fermi energy level of the p-Si (EF-Si-HE) moves closer to 
the valence band, while the Fermi energy level of the n-3C-SiC (EF-SiC-HE) 
moves closer to the conduction band (Fig. 4e). For the region near to the 
cold electrode, Fermi levels are further away from the band edges 
compared to the hot electrode (Fig. 4f). A potential difference between 
hot and cold electrodes arises as a result of a charge carrier concentra-
tion gradient between the hot and cold electrodes. 

The Seebeck coefficient for p-3 C-SiC/p-Si is more stable than that for 
n-3C-SiC/p-Si as shown in Fig. 3. The stability of p-3 C-SiC/p-Si is 
attributed to the high thermal energy required to fully ionize the 
aluminum acceptors in p-3 C-SiC (activation energy of aluminum is 
45 meV). Close to room temperature and with the increasing tempera-
ture to 383 K, boron acceptor in p-Si is the main contributor to the 
generation of charge carriers. At temperatures above 396 K, p-Si ac-
ceptors have been fully activated and no longer contribute to the 
gradient of charge carriers. Nonetheless, the acceptors in p-3 C-SiC 
sustains the contribution of charge carriers because the thermal energy 
is insufficient to reach full ionization. On the other hand, the Seebeck 
coefficient for n-3 C-SiC/p-Si changes rapidly with temperature and it 
has a maximum at 396 K. Table 1 shows how charge carriers are 
generated at different temperatures. For n-3 C-SiC/p-Si, close to room 

temperature the thermal energy is enough to ionize nitrogen donors in n- 
3 C-SiC (activation energy of nitrogen is 15 meV), and electrons are 
generated in n-3 C-SiC. When temperature increases further, boron ac-
ceptors in p-Si generate charge carriers and more electrons will move 
from p-Si to n-3 C-SiC. Therefore, higher charge carrier concentration 
occurs near the hot electrode resulting in a higher potential difference 
between the two electrodes and a higher Seebeck coefficient. The n-3 C- 
SiC/p-Si heterojunction shows a saturation point at Th = 396 K in Fig. 3b 
(or TSi = 416 K in Si, Table 1). The saturation point exists because the 
thermal energy has already exceeded the activation energy of nitrogen 
(15 meV) and reached the activation energy of boron (36 meV - see 
Table 1), therefore further increases in temperature would contribute no 
more charge carriers near the hot electrode. When temperature of the 
hot electrode is increased above 396 K (see Fig. 3b and Table 1) the 
temperature of the cold electrode also increases but initially it is still 
lower than 396 K, and therefore more charge carriers are still generated 
near the cold electrode. This results in a decrease of the charge carrier 
gradient between the two electrodes, thus reducing the potential dif-
ference and the Seebeck coefficient. 

Fig. 3 shows that the magnitude of the Seebeck coefficient for the p- 
3C-SiC/p-Si heterojunction is much larger than that of the n-3C-SiC/p-Si 
heterojunction. This will be explained in the following paragraphs. 

The conductivities of a p-type and n-type semiconductors can be 
expressed by 

σp = peμh (2)  

and 

σn = neμe (3)  

where p is the concentration of holes, n is the concentration of electrons, 
e is charge of an electron 1.602×10− 19 C, μh and μe are the mobility of 
the holes and electrons, respectively. In crystalline semiconductor ma-
terials, the mobility is inversely proportional to the effective mass of the 
drifting charge carriers, i.e. hole effective mass mh* and electron effec-
tive mass me* [35]. The drift mobilities μh and μe depend on the mean 
free times τh and τe between scattering events via 

μh =
eτh

m∗
h

(4)  

μe =
eτe

m∗
e

(5)  

where the mean free time τ between scattering events is calculated by 
[3] 

τ =
1

SVthNs
(6)  

where S is the cross-sectional area of the scatter; Vth is the mean speed of 
the electrons (thermal velocity); and Ns is the number of scatters per unit 
volume of the conductor. The main source of scattering events can be 
defined as electron-phonon scattering and electron-impurity scattering 
(ionized donor or acceptor). Because electron-phonon scattering or lat-
tice scattering is dominant at very high temperatures, we consider that 
electron-impurity scattering is prevalent at temperatures close to room 
temperature [25]. Close to room temperature, the Ns is small, and the 
mean free time τ is larger, thus, the drift mobilities μh and μe are higher. 

In the absence of an electric field, the electrons move randomly. Eqs. 
(4) and (5) show the mobility of holes and electrons depending on the 
effective mass of the charge carrier. Because the effective mass of the 
electrons is at least one order of magnitude smaller than the hole 
effective mass [36], the electrons can move and diffuse faster. In Si, the 
hole mobility and electron mobility are 471 cm2/Vs and 1400 cm2/Vs, 
respectively [35]. Similarly, at room temperature, the hole mobility in 
3C-SiC is 40 cm2/Vs and the electron mobility is 800 cm2/Vs [29]. 
Therefore, the diffusion process of electrons from the hot electrode to 
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the cold electrode is at a higher rate than that of the holes diffusion. As a 
result, the gradient of charge carriers is higher for the p-3C-SiCp-3 C-SiC 
in comparison to the n-3C-SiC. Hence, higher potential difference and 
Seebeck coefficient occurs in p-3C-SiC. 

We further benchmark the Seebeck coefficient between this work 
and other studies that use SiC materials. The results show a significant 
increase in the Seebeck coefficients of both p- and n-type 3C-SiC/Si 
heterojunctions even in a lower temperature range, Table 2. 

4. Conclusions 

This work presented the fabrication of p-3C-SiC/p-Si and n-3C-SiC/p- 
Si heterojunctions and demonstrated an enhancement of Seebeck co-
efficients in these structures compared to single SiC materials. Experi-
mental results show large Seebeck coefficients for both p-3C-SiC/p-Si 
and n-3C-SiC/p-Si heterojunctions with maximum values of 1720 µV/K 
and − 421 µV/K at 383 K and 396 K, respectively. Thermally-induced 
charge carries, charge carrier transport, and the activation energies of 
acceptors and donors (aluminum, nitrogen and boron) in p-3C-SiC, n- 
3C-SiC and p-Si were taken into account to explain the enhancement in 
the Seebeck coefficients. Also, the mechanism of the thermoelectric ef-
fect in the heterojunctions was discussed using energy band diagram. 
The simple fabrication process and high Seebeck coefficient of p-3C-SiC/ 
p-Si and n-3C-SiC/p-Si heterojunctions show great potential to develop 
advanced self-powered thermal sensing devices. 
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