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Characterization of nanometer-thick polycrystalline silicon with phonon-boundary scattering 

enhanced thermoelectric properties and its application in infrared sensors  

Huchuan Zhou1, Piotr Kropelnicki2, and Chengkuo Lee1* 

Although record-breaking low thermal conductivity of silicon 

nanowires has been reported, it remains as a challenge about 

integrating silicon nanowires with structure materials and 

electrodes in the CMOS process. In this paper, we 

investigated the thermal conductivity of nanometer-thick 

polycrystalline silicon (poly-Si) theoretically and 

experimentally. By leveraging the phonon-boundary 

scattering, the thermal conductivity of 52 nm thick poly-Si is 

as measured as low as around 12 W/mK which is only about 

10% of the value of bulk single crystalline silicon. The ZT of 

n-doped and p-doped 52 nm thick poly-Si is measured as 

0.067 and 0.024, respectively, while most of reported data are 

about 0.02 and 0.01 for poly-Si layer with thickness of 0.5 µµµµm 

and above. Thermopile infrared sensors comprising 128 pairs 

of thermocouple made of either n-doped or p-doped 

nanometer-thick poly-Si strips in series connection with 

aluminium (Al) metal interconnect layer are fabricated using 

microelectromechanical system (MEMS) technology. The 

measured vacuum specific detectivity (D*) of n-doped and p-

doped thermopile infrared (IR) sensors are 3.00*108 and 

1.83*108 cm*Hz1/2*W−1 for sensors of 52nm thick poly-Si, and 

5.75*107 and 3.95*107 cm*Hz1/2*W−1 for sensors of 300nm 

thick poly-Si, respectively. The outstanding thermoelectric 

properties indicate our approach promising in diversified 

applications using ultrathin poly-Si technology. 

Nowadays, thermoelectric microdevices using Seebeck effect, 

i.e., self-generated voltage due to the temperature difference 

created between two ends of thermocouple-like structures, are 

commercialized and demonstrated as the diversified applications 

including non-contact temperature sensing [1], infrared (IR) focal  
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plane array (FPA) [2-5], air flow sensors [6], gas sensors [7], 

accelerometers [8,9] and AC-DC converters [10]. On the other hand, 

Peltier effect has been deployed in thermoelectric microdevices for 

thermoelectric cooler application [11-17]. With the aid of 

microelectromechanical system (MEMS) technology, various 

configurations of thermoelectric microdevices are realized on silicon 

substrates and polymer-based flexible substrates, for examples, 

suspended thermoelectric membranes are created on micro-cavities 
[18-20] or vertical thermocouple array is formed in polymer substrates 
[21-22]. Array of thermocouple connected in series, so-called 

thermopile, is normally implemented in order to boost up the output 

voltage. 

The most widely used thermoelectric materials are the Tellurium 

(Te) alloy with Bismuths (Bi), Antimony (Sb), and so on [23-31], 

which have high figure-of-merit, ZT=α2T/ρk≈1, where α, ρ, k and T 

are the Seebeck coefficient, electrical resistivity, thermal 

conductivity and absolute temperature, respectively. It remains as a 

challenging task of having thermoelectric materials with ZT > 1 

within wide operation temperate range [32]. CMOS materials such as 

Silicon (Si) and Silicon-Germanium (SiGe) have been characterized 

as promising thermoelectric materials. However, relatively high 

thermal conductivity of Si (~150 Wm-1K-1) at room temperature 

makes the ZT of Si low at room temperature. Recently a few studies 

report significant enhancement in ZT of nanostructured Si to reduce 

the thermal conductivity by enhancing phonon scattering [33-37]. The 

great increment of phonon-boundary scattering leads drastic 

reduction in thermal conductivity when the characteristic length 

scales are smaller than the mean free path of phonon at nanometer 

scale [33]. For bulk silicon, the mean free path of phonon is around 

300 nm at room temperature [34]. Si nanowires, for instance, have 

been reported possessing thermal conductivity as low as 0.73 Wm-

1K-1, which enhances ZT for more than 100 times with respect to the 

typical bulk value [35]. Meanwhile, using Si phononic nanomesh 

structures, the thermal conductivity of close to 1.5 Wm-1K-1 is 
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reported [36, 37]. However, it is a great challenge in the fabrication 

process from the mass production aspect when we want to 

incorporate Si nanowires or Si nanomesh in a planar thermopile 

structure which is the mainstream configuration so far. Besides, the 

thermoelectric characteristics of Si nanowires highly depend not 

only on their dimension but also on the nanoscopic surface 

morphology [38-40]. Thus top-down fabrication technology can 

leverage reliable and predictable material properties of single crystal 

Si and polycrystalline Si (poly-Si). The thermal conductivity of 

single crystal Si with thickness of about 100nm has been studied [34, 

41], showing an over 50% reduction to thermal conductivity to 

around 50Wm-1K-1. However, this value is still much larger than the 

thermal conductivity of bulk poly-Si, which is around 30 Wm-1K-1[42, 

43], because the grain boundary scatter phonons leading to reduction 

in thermal conductivity [44]. Besides, a portion of n-doped dopants 

segregate to the grain boundaries in poly-Si, also contributing to 

greater phonon scattering [45]. The advanced CMOS manufacturing 

technology can allow features of a few tens nanometers and thin 

poly-Si layers of a few nanometers fabricated in 12" wafer. In view 

of the strong needs of high ZT CMOS thermoelectric materials, we 

investigate ultrathin poly-Si in order to enhance the ZT based on 

phonon-boundary scattering. Subsequently, a scalable design of 

thermopile is fabricated in a CMOS mass production line based on 

ultrathin polycrystalline Si with optimized ZT and device 

configurations. 

To investigate how thickness of thin poly-Si layer affect on the ZT, 

micromachined test-keys are deployed to study the thermal 

conductivity, Seebeck coefficient and electrical resistivity of n/p-

doped poly-Si layer. The test-key is shown in Fig. 1 and the testing 

setup is the same as the one reported in authors’ previous work [5].  

 

 
Fig. 1 SEM image (a), optical microscope image (b)  schematic drawing (c) 

of test-key of thermal conductivity; and optical image of the test-key of 

electrical resistivity (d).  

The Seebeck coefficient and thermal conductance were determined 

by a cantilever test structure as shown in Fig. 1 (a), (b) and (c), 

which performs as a single thermocouple using poly-Si and 

aluminium (Al) as the thermocouple pair materials. The cantilever 

comprises of three layers: thermal SiO2, doped poly-Si and PECVD 

SiO2, while the narrow Al line connects the hot-junction and cold-

junction for electrical signal readout. The geometries of the n-type 

and p-type cantilever test structures are the same. The thickness of 

poly-Si in the test structure is 52 nm, 73 nm, 102nm 123nm and 

300nm, while the width is 90 µm and the length is 300 µm. The 

width and the thickness of the Al line are 1 µm and 100nm. A micro-

heater is arranged at the suspended end to heat up the hot-junction of 

the test structure while the other end connects to Si substrate which 

is kept at ambient temperature, (T0) as a cold junction. A 

thermometer made by poly-Si is arranged at the end of the hot-

junction to monitor the temperature, T1, by monitoring the resistance 

of the thermometer. The thermal conductance, Kc, and Seebeck 

coefficient, αSi, can be calculated with Equation 1 and 2: 

�� � ����
�	
��



��� � �����      ,                             (1) 

��� � ����
�����

� ���          ,                               (2) 

 

where Vin is the voltage applied on the micro heater,  !"#$"%, is the 

electrical resistance of the heater; Vout is the output voltage and ��� is 

the Seebeck coefficient of Al. The magnitude of Seebeck coefficient 

of Al is less than 2 so the Al wire will not affect the measured 

Seebeck coefficient of Poly-Si significantly. The thermal 

conductivity, on the other hand, will be affected by the Al wire and 

SiO2 layer since the contribution to overall thermal conductance of 

the cantilever from Al and SiO2 is not negligible. Because the 

thickness and width of Al and SiO2 are the same for all test-keys and 

the only difference is the thickness of poly-Si and so it is possible to 

eliminate the influence of Al and SiO2. 

A van-der-Pauw structure as shown in Fig. 1 (d) was used to study 

the electrical resistivity of the heavily doped poly-Si. The average 

electrical resistivity of a sample is given by  

ρ = Rs*t,                                                         (3) 

where Rs is the sheet resistance and t is the thickness of the poly-Si. 

To conduct the measurement, we apply a current to flow along one 

edge of the sample, for instance, I12, where the pad number mark is 

indicated in Fig. 1(d), and measure the voltage across the opposite 

edge, i.e., V34 in this case, to calculate a resistance, i.e., R12,34, 

using Ohm's law: 

R12,34=V34/I12                                             (4) 

With the same method, R23,41 can also be measured. Then the sheet 

resistance Rs can be defined as follows [53]: 

&�'���,)*/�, � &�'��),*�/�, � 1                               (5) 

Then the temperature coefficients of resistance (TCRs) of the poly-

Si are measured by varying the temperature with a temperature 

stabilizer and further study of the I/V curve. TCR describes the 

temperature dependence of resistance as  ��� �  ���� ∗ �1 �
�/ ∗ �� � ���� , where R�T�  is the resistance at temperature T 

while R�T��  is the resistance at the original temperature T� . The 

measured TCR is -0.20%K-1 and -0.15%K-1 for n-doped poly-Si and 

p-doped poly-Si, respectively. The measured thermal conductivities 

of n/p-doped poly-Si with different thickness at room temperature 

are shown Fig. 2 (a). The results show that the thermal conductivity 

decreases when the poly-Si thickness reduces.  

This phenomenon becomes more significantly when the thickness is 

less than 150 nm. By using frequency-dependent relaxation time to 

demonstrate the effects of phonon scattering events, Callaway 
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reported a theoretical model with one approximate solution to the 

Boltzmann transport equation for phonons in 1959 [41]. Later in 1963, 

Holland improved this method by taking phonon polarization into 

account [42]. Furthermore, A. D. McConnell and her colleagues 

expanded this model by adding in the study on the effect of grain 

boundaries and the dopant impurities [43].  

Both mobile carriers and phonons contribute to the overall thermal 

conductivity of poly-Si as shown in Equation 6: 

2 � 2" � 23   ,                                       (6) 

where 45 is the thermal conductivity induced by electrons and 46 is 

the thermal conductivity induced by phonons. According to 

Wiedemann–Franz law, 45 at certain temperature, T, can be defined 

by Equation 2 below: 

2" � '�78��
9:�;    ,                                      (7) 

where KB is the Boltzmann constant, q is the electron charge and < is 

the electric resistivity of poly-Si. Since the electric resistivity of 

doped poly-Si is in the magnitude of 10-5 Ωm [44], the estimated value 

of 45 is less than 1 Wm-1K-1 which is not significant compared to the 

overall thermal conductivity. Therefore, it is reasonable to claim that 

the phonon scattering events dominate. 

 

Fig.2 Measured and simulated thermal conductivity of ultrathin poly-Si (a); 

and thermal resistivity of poly-Si influenced by different kinds of phonon 
scattering (b) versus poly-Si thickness. 

 

 

Using Callaway and Holland’s model, thermal conductivity induced 

by phonons, 46, can be calculated with Equation 8 below: 

23 � �
9 =

>8�
!/?'@

9 >8
?'�∑

�
BC
D EF* "GFHC

�"GF���� IJK
LC/�
�MNO,�P,�Q        (8) 

where JK  is dimensionless phonon angular frequency which is 

defined as JK � RS/2U�V� , h is Planck’s constant, 2V  is 

Boltzmann constant, T is the temperature and WM  is the phonon 

relaxation time. This method presents the phonon scattering events 

in longitudinal model and transverse model, while the transverse 

model is divided into low-frequency model and high-frequency 

model. The symbol L, TO and TU in Equation 8 refer to the 

longitudinal model, low-frequency transverse model and high-

frequency transverse model, respectively. The XM  is the phonon 

group velocity in different modes. In silicon,  vZ=8.84*103 m/s, 

X�P=5.86*103 m/s and XQ=2.0*103 m/s. 

The relaxation time WM  for each model cantains servral phonon 

scattering events as shown in Equation 9: 

WM�� � ∑ WM,���� .                                       (9) 

Generally, there are phonon-phonon scattering, phonon-electron 

scattering, phonon-boundary scattering and mass-difference impurity 

scattering [43]. In comparison to the other three factors, phonon-

electron scattering is negligible [45]. Furthermore, phonon scattering 

on grain boundary and segregated dopants also contributes to the 

relation time in the case of doped poly-Si. Since the thickness we 

chose is much less than the mean free path of phonon (~300 nm at 

room temperature), the phonon-boundary scattering should be the 

key in this study. The detail description of other phonon scattering 

events has been discussed by Holland42. We emphasize on the 

influence of phonon-boundary scattering. First of all, the phonon 

relaxation time induced by phonon-boundary scattering is shown in 

Equation 10: 

W[\]^_#%`�� � B,
_ =

��3
�a3@                                (10) 

where d is the thickness of poly-Si, bc is an averaged phonon group 

velocity which can be defined as Xd�� � �2/X�P � 1/XO	�/3. And p 

is a parameter with value between 1 and 0, representing the surface 

roughness parameter which is the probability of specula reflection 

from the sample boundary. p=1 means a perfectly smooth surface 

reflecting all incoming phonons while p=0, on the other hand, 

represents an entirely rough surface that diffusely scatters all 

incident phonons like a blackbody.  

With the above-mentioned equations, we conducted the simulation 

to derive thermal conductivity of poly-Si using Matlab 2010b. The 

simulation results of thermal conductivity of both n/p-doped poly-Si 

with different thickness are also shown Fig. 2(a). The thermal 

conductivity of both n/p-doped poly-Si decreases as the thickness of 

the poly-Si layer reduces. It matches with the measured data well. 

Noticing from Equation 5, the phonon relaxation time induced by the 

phonon-boundary scattering event is inversely proportional to the 

thickness of poly-Si.  

In order to understand how the phonon-boundary scattering affect 

the overall thermal conductivity, an simulation of the contribution of 

phonon-boundary scattering to the overall thermal conductivity 

compared to other phonon scattering events as been conducted. Fig. 

2(b) shows the contribution of phonon-boundary scattering to the 

overall thermal conductivity compared to other phonon scattering 

events. It is clearly observed that the thermal resistivity is dominated 

by the phonon-boundary scattering when the thickness of poly-Si 

layer is less than 100 nm, while the other phonon scattering events 

are not affected by the change of poly-Si layer thickness.   

Moreover, the electrical resistivity and Seebeck coefficient of poly-

Si layer with different thickness are also measured and shown in Fig. 

3 (a) and (b). It suggests that these two parameters are intrinsic 
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properties which are subject to doping concentration and do not 

change with the poly-Si thickness. According to the calculated 

Figure of merit, ZT, (Fig. 3(c)), the n-doped poly-Si has much higher 

ZT compared to p-doped poly-Si among measured data of all 5-kinds 

of thickness variation in this experiment. This is because n-doped 

poly-Si has relatively lower electrical resistivity and higher Seebeck 

coefficient compared to p-doped poly-Si. Besides, the trend of the 

change of ZT along with poly-Si thickness variation reflects the trend 

of thermal conductivity change regarding poly-Si thickness shown in 

Fig. 3(a). It is observed that the maximum ZT of 0.067 and 0.024 are 

obtained for the 52 nm thick n/p-doped poly-Si layer, respectively. 

Such results show a 116% and 92% increment in ZT when the 

thickness of poly-Si layer decrease from 300 nm to 52 nm. Generally 

speaking, ZT of bulk poly-Si is around 0.01 because of the relatively 

high thermal conductivity (~30Wm-1K-1) [20, 51].   

 

Fig.3 The electrical resistivity (a), Seebeck coefficient (b) and figure of 
merit, ZT, (c) measured at room temperature.  

 

Table 1. The comparison of the thermoelectric properties measured in this 
work to other states of art. 

Poly-
Si type 

Thermal 
conductivit

y 
(W/mK) 

Seebeck 
coefficie

nt 
(µV/K) 

Electrical 
resistivity 

(µΩm) 

Figure 
of 

merit 
ZT 

Details 

n-type 

12.1 -242.1 18.3 0.067 This work: t=52nm, 

 heavily doped 

31.5 -57 8.1 0.004 Bulk, t>1µm, 

intrinsic
[51]

 

29.7 -110 8.9 0.014 Bulk, t~700nm, 

heavily doped 
[20]

 

p-type 

12.0 182.3 28.9 0.024 This work: t=52nm, 

heavily doped 

31.2 103 22.1 0.005 Bulk, t>1µm, 

intrinsic
[51]

 

28.4 130 13.7 0.012 Bulk, t~700nm, 

heavily doped 
[20]

 

The comparison of the thermoelectric properties measured in this 

work to other states of art has been shown in Table 1. From the 

above discussion of ultrathin poly-Si thermoelectric data, the 

thermopile using ultrathin poly-Si layer are developed and 

characterized in this session. Fig. 4 shows the schematic drawing of 

a thermopile which possesses a cross-like suspended membrane 

structure with IR absorber coated at the center square area. When the 

thermopile is exposed to IR radiation, the central absorber area 

absorbs the radiation and turns the radiation power into heat. Such 

received radiation heat causes a temperature rise at the central part of 

the thermopile, i.e., it is defined as hot-junction of thermocouples. 

The other end of the thermocouples in the thermopile connecting 

with the single crystalline Si substrate is maintained at room 

temperature during the measurement because of the high thermal 

conductance and large thermal mass of the Si substrate. As a result, 

there is a temperature difference between the hot-junction and cold-

junction which brings a self-generated voltage between two ends of 

the thermopile, i.e., the hot-junction and cold-junction.  

The thermopile comprises 128 pairs of series connected 

thermocouple and the schematic drawing of one single thermocouple 

is shown in Fig. 4. The doped poly-Si strips are built at the bottom as 

the one material of the thermocouple while Al is another material 

which also forms an electrical connection between each 

thermocouple. According to Seebeck effect, the temperature 

difference between the two ends of the thermocouples will induce a 

voltage drop which can be read out through the contact pads.  

 

Fig.4 Schematic drawing of the IR sensor and single thermocouple.(not to 
scale) 

 
Fig.5 Process flow of the device. Wafer start with Si substrate and thermal 
SiO2 on top (a); poly-Si strip deposition, doping and pattering (b); SiO2 

electric isolation layer deposition, contact via open and implantation (c); Al 

wire deposition and patterning (d); SiO2 passivation layer deposition, contact 
pad open and structure release (e); CNT/SU-8 IR absorber deposition (f). 
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The thermopile structure is fabricated with all CMOS process. Fig. 5 

illustrates all the fabrication process flow of the ultrathin poly-Si 

based thermopile IR sensor. The process started with an 8-inch bare 

Si wafer with 40nm thermal SiO2 on top (Fig. 5 (a)). Then poly-Si 

with different thickness are deposited at 760oC and doped as n-type 

and p-type with different wafers. The thickness variation of poly-Si 

is the same as the test-key presented in previous text. After that the 

poly-Si are patterned with photo-lithography and plasma etching 

(Fig. 5 (b)). Subsequently a 30nm thick SiO2 was built as an 

electrical isolation layer with plasma enhanced chemical vapor 

deposition (PECVD) process; then the contact via was open on SiO2 

and an additional surface heavy implantation was conducted to 

reduce the electrical contact resistivity between the poly-Si and Al; 

after the contact implantation the whole wafer is annealed with N2 

circumstance at 1050oC for 30 minutes (Fig. 5 (c)). After the 

annealing Al was deposited and patterned following with annealing 

in N2 circumstance at 420oC for 30 minutes to achieve better 

electrical connection (Fig. 5 (d)). Subsequently another 30 nm 

PECVD SiO2 passivation layer was deposited and then open contact 

area for Al pad; after that release slots and holes were opened and 

the whole structure was released using XeF2 (Fig. 5 (e)). After 

releasing the structure, a drop of solution comprising carbon 

nanotube (CNT) mixed with SU-8 was deposited at the central part 

of the thermopile as a broadband IR absorber (Fig. 5 (f)). 

 
Fig.6 Optical microscope image of the thermopile structure without absorber 

coating (a); SEM image of the zoom-in view (b). 

 

A fabricated device is shown in Fig. 6. The blur parts in Fig. 6 (a) 

are due to the stress induced by SiO2 and poly-Si layers. This stress 

can be reduced by using Al2O3 as a dielectric layer instead of SiO2. 

However, Al2O3 possesses much higher thermal conductivity 

compared to SiO2, which will draw back the performance of the 

thermopile. Even though the stress, induced by SiO2 in Fig. 6(a), 

seems large but the SiO2 membrane can provide enough mechanical 

strength to this structure [49]. That is the reason authors choose SiO2 

as dielectric layer to build the thermopile. The Scanning electron 

microscope (SEM) image and the Fourier transform infrared 

spectroscopy (FTIR) characterization of the CNT/SU-8 mixture 

absorber are shown in Fig. 7(a). As shown in this figure, the surface 

of the CNT/SU-8 mixture absorber is not smooth. It is due to the 

imperfect of manual process of coating the absorber onto the IR 

thermopile. The absorption of IR radiation is very high up to over 

98.5% from 2µm to 8µm. 

In order to characterize the performance of the thermopile IR sensor 

using ultrathin poly-Si, an electrical measurement is conducted using 

a micro-heater placed at the central part of the thermopile to mimic 

the IR radiation as shown in Fig. 6(b). According to our previous 

work [49], usage of micro-heater to simulate the IR radiation only 

introduces 1% difference.  

 

Fig.7 The Scanning electron microscope (SEM) image (a) and the Fourier 
transform infrared spectroscopy (FTIR) measurement results (b) of the 

CNT/SU-8 mixture absorber. 

 

 

Fig.8 Electrical testing measured responsivity (Rv) of n/type poly-Si with 
vacuum (a) and at atmospheric pressure (b).  
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The efficiency of a thermopile is usually evaluated by two 

parameters: the responsivity, Rv, and the specific detectivity, D*. Rv 

presents the efficiency of converting heat to electricity, while D* 

stands for how precise the sensor can detect [20]. The definition of Rv 

and D* are shown as follows: 

 B � ����
h��

  ,                                             (11) 

i∗ �  Bjk∆m/n̂ ,                                       (12) 

where n\]$  is the output voltage and o�^  is the infrared power 

applied to the thermopile; A is the IR absorption of the integrated 

absorber; ∆m is the frequency bandwidth of the read out system, n̂  is 

the noise equivalent voltage. 

The electrical testing was conducted at room temperature and the 

testing results of n-doped and p-doped poly-Si based thermopile are 

shown in Fig. 8. The results of the experiment conducted in vacuum 

are shown in Fig. 8 (a), the thermopile with the thinnest (52nm) 

poly-Si layer, no matter n-doped or p-doped, possesses the highest 

Rv. The Rv of thermopile with 52 nm-thick n-doped poly-Si is 1000.1 

VW-1 while the Rv of thermopile with 300 nm-thick n-doped poly-Si 

is 105.8 VW-1, which indicates 845% improvement by reducing 

poly-Si thickness. Similarly, the thermopile using p-doped poly-Si 

also shows a great improvement with respect to thinner poly-Si. Rv is 

772.5VW-1 and 84.4VW-1 for the p-doped thermopile with 52nm-

thick poly-Si and 300nm-thick poly-Si, where 815% improvement is 

observed for the thinner p-doped poly-Si. 

In order to study the influence of air on the performance of 

thermopile, authors conducted the measurement again at atmospheric 

pressure and results are shown in Fig. 8 (b). In contrast to the 

measurement results in vacuum, the Rv of all thermopiles decrease 

over an order of magnitude. Besides, the enhancement of Rv, caused 

by reduction of poly-Si thickness, is not so significant compared to 

the results achieved in vacuum. This is because the thermal 

conductivity of air dominates when the thermopile is working at 

atmospheric pressure. Rv of n-doped and p-doped poly-Si with 

thickness of 52nm decrease to 24.8 VW-1 and 19.0 VW-1, 

respectively. Compared to the Rv achieved in vacuum test the 

reduction is over 97%. On the other hand, Rv of n-doped and p-

doped poly-Si with thickness of 300nm do not show such great 

decreasing, which is 23.6 VW-1 and 18.1 VW-1, respectively, with 

the reduction of only about 78% compared to the case in vacuum. 

Since the thermal conductance from air is the same for all 

thermopiles, due to the same surface area, the reduction in thermal 

conductance of the structure is not so significant to the overall 

thermal conductance. 

 
Table 2 Calculated time constant of the thermopile IR sensors 

Thickness of poly-Si 

(nm) 
52 73 102 123 300 

Time 

constant in 

vacuum  

(ms) 

n-doped  87 77 65 58 30 

p-doped  87 78 66 60 32 

Time 

constant at 

atmospheric 

pressure 

(ms) 

n-doped 0.85 0.89 0.94 0.98 1.27 

p-doped 0.85 0.89 0.94 0.98 1.27 

 

 

After the characterization of the thermopile structure, authors 

conducted an IR radiation test using a blackbody with temperature of 

470oC as IR radiation source. According to the Planck’s curve, the 

radiation peak is around 3.9 µm, which is in the absorption range of 

the CNT/SU-8 mixture absorber. The details of testing setup of the 

radiation test have been reported in our previous work [5]. 

The IR radiation test was conducted in vacuum and only at room 

temperature. The results are shown in Fig. 9(a) and (b). It is clear 

that the thermopile IR sensor using 52nm-thick poly-Si has the 

highest output. For n-doped and p-doped microdevice the value is 

approximate 890% and 700% compared to that of the thermopile IR 

sensor using 300nm-thick poly-Si, respectively. As shown in Fig. 9 

(a) and (b), the output voltage decreases with higher chopper 

frequency because the thermopile needs time to be heated up. The 

thermal time constant of the thermopile IR sensor can be decided by 

the time required to reach 63% of the maximum detector output 

voltage [52]. Using the data shown in Fig. 9 (a) and (b) the calculated 

time constant of the thermopile IR sensors with different poly-Si 

thicknesses and doping types are shown in Table 2.  

Since the absorption of the IR absorber is not 100%, the 

responsivity, Rv, of the IR sensor is different from the Rv measured 

by the electrical testing. By using the Planck’s equation, authors 

estimate the power applied on the IR sensor is 29.7 µW. Then the Rv 

of the IR sensor is derived with the estimated radiation power and 

the output voltage are shown in Fig. 10 (a). 

 

Fig.9 IR response of n-doped poly-Si (a) and p-doped poly-Si (b) thermopile 

with different chopper frequency. 
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According to the data shown in this figure, the Rv of the IR sensor is 

only slightly smaller than the perfect Rv from the electrical test. The 

overall emissivity, ε, of the IR sensor is further calculated using 

Equation 13 

ε � �q_st
�q_
u
v�
�v�u

  ,                                    (13) 

where  B_w� is the Rv of the IR sensor and  B_"�"�$%��#�  is the perfect 

Rv get from the electrical test. The average overall emissivity is 

calculated as 95%. 

The overall series electrical resistances of all the sensors are also 

measured and the results are shown in Table 3.  Since there is no 

current flow through the microdevice, there is no 1/f noise but only 

Johnson noise of the thermopile IR. The Johnson noises are 

estimated with the measured series electrical resistances and shown 

in Table 3. Then the specific detectivity, D*, of each thermopile IR 

sensor is further estimated as shown in Fig. 10 (b). The thermopile 

IR sensors with thinner poly-Si possess the higher D*, which is the 

same as the testing results of Rv. The D* of n-doped poly-Si with 

thickness of 52nm and 300nm are 3.00*108 and 5.75*107 

cm*Hz1/2*W−1, respectively, while the D* of p-doped poly-Si with 

thickness of 52nm and 300nm are 1.83*108 and 3.95*107 

cm*Hz1/2*W−1, respectively.  As shown above, the enhancement in 

D* of n-doped and p-doped thermopile with ultrathin poly-Si is 

421% and 364%, respectively. However, compared with the stated 

value of Rv, we do not see such significant enhancement in D*, 

because of higher noise induced by increase of electrical resistance 

of thinner poly-Si strip. 

 
Fig.10 Measured responsivity (a) and specific detectivity D* (b) in vacuum.  

 

Table 3 Measured series electrical resistance and estimated Johnson 

noise of the thermopile IR sensors 

 

Thickness of poly-Si 

(nm) 
52 73 102 123 300 

Series 

electrical 

resistance 

(106Ω) 

n-doped 1.91 1.43 1.09 0.94 0.52 

p-doped 2.91 2.14 1.60 1.37 0.70 

Estimated 

Johnson noise 

(µVHz-1/2) 

n-doped 0.18 0.15 0.13 0.12 0.09 

p-doped 0.22 0.19 0.16 0.15 0.11 

 

 

Fig.11 IR response of n-doped poly-Si (a) and p-doped poly-Si (b) 
thermopile with different chopper frequency. 

The radiation test was also conducted at atmospheric pressure and 

the results are shown in Fig. 11 and Fig. 12. As shown in Fig. 11 (a) 

and (b), the response of the sensor becomes much faster due to the 

large thermal conductance caused by air. The calculated time 

constant of the IR sensor is shown in Table 2 as well. The main 

difference of the IR test results at atmospheric pressure, compared to 

the data measured in vacuum, is that D* increases along with the 

thickness of poly-Si. As discussed above, since it is the thermal 

conductance of air dominates in this case, the reduction of overall 

thermal conductivity caused by the decreasing poly-Si thickness is 

not as significant as in vacuum. Therefore, the enhancement of Rv is 

also not so significant. The noise, on the other hand, increases by 

reducing the thickness of poly-Si. That is the reason why the D*, 

shown in Fig. 12(b), shows different trend when the sensor working 

at atmospheric pressure.  

By leveraging the straightforward fabrication approach, the sound 

thermoelectric properties of ultrathin poly-Si have been obtained 

because of phonon-boundary scattering effect. This fabrication 

process is fully CMOS compatible without using other advanced 
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nanofabrication technologies, e.g., electron beam lithography (EBL), 

etc. The demonstrated Rv and D* of thermopile IR sensor are 

promising for various applications. 

 
Fig.12 Measured responsivity (a) and specific detectivity D* (b) at 

atmospheric pressure.  

 

Conclusion  

In this paper, authors studied the thermoelectric properties of 

ultrathin poly-Si, showing an impressive enhancement in ZT by 

decreasing the thickness of poly-Si to reduce thermal conductivity, 

due to stronger phonon-boundary scattering. The maximum ZT of 

0.067 and 0.024 are obtained for the 52 nm thick n-and p-doped 

poly-Si layer, respectively. Such results show a 116% and 92% 

increment in ZT when the thickness of poly-Si layer decreases from 

300 nm to 52 nm. Then, the design, fabrication and testing of the 

thermopile IR sensor, using ultrathin poly-Si, is presented to 

demonstrate its applications for thermoelectric devices. The 

measured Rv of the IR senor using 52 nm n- and p-doped poly-Si is 

1000.1 VW-1 and 772.5VW-1 in vacuum, respectively. D* of the IR 

senor using 52 nm n- and p-doped poly-Si is 3.00*108 and 1.83*108 

cm*Hz1/2*W−1, respectively. This result illustrates that the Rv of 

thermopile IR sensor using 52nm poly-Si is improved over 845% 

and 815% compared to the sensor using 300nm poly-Si for n-doped 

and p-doped in vacuum, respectively. While the D* of thermopile IR 

sensor using 52nm poly-Si is improved 421% and 364% in vacuum 

compared to the sensor using 300nm poly-Si for n-doped and p-

doped. This result indicates the advantage of the poly-Si with 

thickness in nanometer scale as a promising thermoelectric material. 
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