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Peltier effect in doped silicon microchannel plates™
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Abstract: The Seebeck coefficient is determined from silicon microchannel plates (Si MCPs) prepared by photo-
assisted electrochemical etching at room temperature (25 °C). The coefficient of the sample with a pore size of 5
x 5 um?, spacing of 1 ym and thickness of about 150 um is —852 1 V/K along the edge of the square pore. After
doping with boron and phosphorus, the Seebeck coefficient diminishes to 256 ' V/K and —117 uV/K along the edge
of the square pore, whereas the electrical resistivity values are 7.5 x 1073 Q-cmand 1.9 x 1073 Q-cm, respectively.
Our data imply that the Seebeck coefficient of the Si MCPs is related to the electrical resistivity and is consistent
with that of bulk silicon. Based on the boron and phosphorus doped samples, a simple device is fabricated to connect
the two type Si MCPs to evaluate the Peltier effect. When a proper current passes through the device, the Peltier
effect is evidently observed. Based on the experimental data and the theoretical calculation, the estimated intrinsic
figure of merit ZT of the unicouple device and thermal conductivity of the Si MCPs are 0.007 and 50 W/(m-K),

respectively.
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1. Introduction

There has been increasing interest in thermoelectric mate-
rials due to international concerns about environmental dete-
rioration and alternative energy. A thermoelectric device can
generate power using heat from industrial waste and automo-
bile exhausts!!l. These devices can also be utilized in noise
and vibration-free refrigerators with zero greenhouse gas emis-
sions. Owing to its large potential, there has been extensive re-
search to investigate and identify materials with desirable ther-
moelectric characteristics?? ). Unfortunately, the very high
thermal conductivity (about 150 W/(m-K) at room tempera-
ture) limits the applications of silicon as a thermoelectric ma-
teriall8]. However, silicon nanowires, which possess reduced
thermal conductivity and enhanced thermoelectric efficiency
on account of the quantum confinement effect inherent to nano-
materials, may be more suitablel’ 1. Nevertheless, since it is
challenging to make the good electrical connection between
the silicon nanowire arrays and contacts necessary for the ther-
moelectric modules!'”), no power generation or refrigeration
devices based on silicon nanowires have been reported until
now. Bulk materials such as BiyTez are still mainstream in
practical applications such as semiconductor refrigeration. Un-
like silicon nanowires, silicon microchannel plates (Si MCPs)

PACC: 6140G; 7220P; 7360J)

with low thermal conductivity arising from the porous struc-
turel'!- 121 can be easily fabricated into different types of ther-
moelectric devices similar to bulk materials. In this work, we
investigate the effects of boron and phosphorus doping on the
thermoelectric properties of Si MCPs. The pore size of the Si
MCPs is 5 x 5 um? and their spacing is 1 um. The Seebeck
coefficient and electrical resistivity are measured at room tem-
perature (25 °C) and, in order to elucidate the Peltier effect, the
p-type and n-type Si MCPs are connected by a copper sheet to
form the thermoelectric junction.

2. Experimental details

The Si MCPs were prepared by photo-assisted electro-
chemical etching (PAECE). The starting substrate was a single-
side polished p-type (100) silicon wafer with an electrical re-
sistivity of 2-9 Q-cm and thickness of 500 um. The wafer
was thermally oxidized to form an oxide layer of 300 nm and
then patterned using photolithography. A buffered hydrofluo-
ric acid (BHF) solution was used to etch windows in the ox-
ide layer. The wafer was then immersed into a 25 wt% tetram-
ethyl ammonium hydroxide (TMAH) solution at 85 °C for a
few minutes to form the inverted pyramidal structures on the
silicon. After the oxide layer had been completely removed by
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Fig. 1. Schematic diagram of the device with the thermoelectric junc-
tion formed by p-type and n-type Si MCPs.

the BHF solution, PAECE was performed for 8 h at 20 °C in
order to break off the microchannel layer from the silicon sub-
strate. More details about the experimental procedures can be
found in Ref. [13]. The samples were designated as A. The
microstructure of the samples was characterized by scanning
electron microscopy (SEM).

Some of the Si MCPs were then doped with boron at
1180 °C for 3 h and that sample was designated as sample B.
Nitrogen gas was used as the protective gas to prevent oxida-
tion and borosilicate glass was the diffusion source. Another
MCP sample doped with phosphorus using POClj as the lig-
uid source at 1100 °C for 30 min was designated as C. The
electrical resistivity of the doped samples was determined by
using a four-point probe at room temperature.

The samples were then cut into 1 cm long and 0.4 cm wide
pieces using a laser beam for subsequent studies. Before char-
acterization, they were placed on a thermally insulated sub-
strate while two copper sheets serving as both the thermally and
electrically conducting layers were spring-loaded onto the sam-
ple by probes. The time evolution of the thermo-electromotive
force was monitored by a digital multimeter and the tempera-
ture was determined by a K-type thermocouple thermometer.

A typical device was fabricated to investigate the Peltier
effect. One side of the device was the p-type Si MCPs and the
other side was the n-type Si MCPs. They were connected by a
U-shaped copper sheet and conductive silver paste (DAD-40)
was used to glue the parts together, as shown in Fig. 1. The
temperature of the junction was determined by measuring the
temperature of the U-shaped copper sheet with a thermocouple
thermometer.

3. Results and discussion

Figure 2 depicts the surface and cross-sectional views of
the Si MCPs on the micro as well as macro scales. Pores of
about 5 x 5 um? in size were distributed in a square lattice and
the spacing between two pores was about 1 um, as shown in
Figs. 2(a) and 2(b). The thickness of the Si MCPs was about
150 pm, which can be clearly observed from Fig. 2(c). Fig-
ure 2(d) shows the entire Si MCPs and substrate with a diam-
eter of 10 cm. The electrical resistivity values of samples A
(undoped), B (boron doped) and C (phosphorus doped) are 1.5
x 10° Q-cm, 7.5 x 1073 Q-cm and 1.9 x 1073 Q-cm, respec-
tively.

The Seebeck coefficient of samples can be determined

Fig. 2. SEM images of (a) surface, (b) and (c) cross-section as well as
(d) the microscope image of Si MCPs and substrate with a diameter
of 10 cm.
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Fig. 3. AT—AV plots of the doped and undoped samples.

from the thermoelectromotive force (A V') and temperature dif-
ference (AT) by S = AV/AT. In other words, the slope of
the AT—AV plot represents the Seebeck coefficient!!*l. The
AT-AYV plots of the doped and undoped samples are depicted
in Fig. 3. The Seebeck coefficients of samples A, B, and C are
—852,256,and —117 uV/K, respectively. Compared to the cor-
responding resistivity of 1.5 x 10° Q-cm, 7.5 x 1073 Q-cm
and 1.9 x 1073 Q-cm, it is clear that the absolute value of
the Seebeck coefficient decreases when the electrical resistiv-
ity of the Si MCPs decreases. In addition, both the resistivity,
which has the same order of magnitude of that of intrinsic sili-
con (about 2.5 x 10° Q-cm at room temperature), and the neg-
ative Seebeck coefficient of sample A indicate that Si MCPs
prepared by PAECE are no longer p-type but instead resem-
ble intrinsic silicon. It may be due to the depletion of carriers
resulting from the surface states of the Si MCPs. Moreover, ac-
cording to the Seebeck coefficient and electrical resistivity, the
power factor (S2/p) of samples B and C are 8.7 x 10~ 'and 7.2
x 1071 mW/(m:K), respectively. Thus, the concentration and
type of the dopant are important to the power factor.

Using the simple device with a thermoelectric junction
formed by the boron and phosphorus doped Si MCPs, a current
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Fig. 4. Relationship between the temperature at the thermoelectric

junction and the positive/negative current with the inset showing the
magnified graph from 0 to 125 mA.

is introduced to evaluate the Peltier effect. When an electrical
current flows from the n-type to the p-type sides, both elec-
trons in the n-type Si MCPs and holes in the p-type Si MCPs
flow away from the junction. Both carriers conduct heat away
from the junction, which then cools. However, the junction is
heated if the direction of the current is reversed. The relation-
ship between the temperature and current is illustrated graphi-
cally in Fig. 4. When the current flowing from the n-type to p-
type sides is below 100 mA, a temperature below 25 °C can be
observed. The maximum temperature difference in this range
is about 1 °C while the current is around 50 mA, as shown in
the inset in Fig. 4. However, the Peltier effect in this range is
still very weak. When the current from the n-type side to the p-
type side is over 100 mA, the temperature at the junction rises
to above 25 °C indicating that Joule heating is more dominant
than that arising from the Peltier effect. In order to further study
the Peltier effect, the direction of the current is reversed. Under
these conditions, Peltier heating and Joule heating are coupled
at the junction. Compared to the situation in which the current
flows from the n-type side to the p-type side, a much higher
temperature is observed at the same current. The temperature
difference between the two directions becomes more evident
as the current increases. As shown in Fig. 4, the temperature
difference is 19.8 °C when the current is 350 mA. This temper-
ature difference can be attributed to double Peltier heating.

The intrinsic figure of merit Z7" of a unicouple and thermal
conductivity of the p-type and n-type MCP legs are estimated
by comparing the theoretically calculated and experimental re-
sults. As shown in Refs. [2, 15], the cooling power Q. at the
heat source of the unicouple can be obtained by the following
relationship:

Qc=(SP_Sn)ITC—K(TH—Tc)—]ZR/Z, (1

where S, and S), are the Seebeck coefficients of the p-type and
n-type parts, respectively, Ty and T¢ are the temperature at the
hot and cold junctions, respectively, I is the electrical current
flowing through each thermoelectric leg of the device, K and
R are the total thermal conductance and electrical resistance of
the unicouple, respectively, and can be expressed as the simple
relationship K = Kp + Ky, and R = Rp + Ry, if the parasitic
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Fig. 5. Thermoelectric maximum temperature differentials versus
298 K figure-of-merit ZT for a standard two-leg thermoelectric cooler.
The black circle corresponds to the present experimental results from
Si MCPs thermoelectric junction.

factors such as contact resistances and contact thermal conduc-
tance, etc. are negligible, and Kp (Ky) and Rp (Ry) are the
thermal conductance and electrical resistance of the individual
p-type and n-type legs, respectively. A maximum temperature
difference ATya.x = Ty — Tc is obtained by setting (Q¢)max =
0,

AT = ZTE/2, )

and the minimum attainable temperature (7¢)mi, can be solved
using Eq. (2):

(TOmin = (V1+2ZTu - 1)/ Z, (€)

when the figure of merit ZT of a pair of thermoelectric materi-
als is given as

7T — (SP - SN)ZT . (4)
(Rt + JRap)?

where kp (kn) and pp (pn) are the thermal conductivity and
electrical resistivity of the individual p-type and n-type legs,
respectively.

The calculated maximum cooling values from 298 K for
a standard intrinsic two-leg thermoelectric refrigerator versus
the 298 K intrinsic ZT values are shown in Fig. 5. Correspond-
ing to the experimental maximum temperature difference (AT
= 1) of the two-legged thermoelectric junction device based on
the Si MCPs, the intrinsic ZT value is equal to 0.007, as indi-
cated by the black circle in Fig. 5. Since the p-type and n-type
Si MCPs are fabricated from the same Si MCP samples (almost
intrinsic) by doping, they have the same thermal conductivity
due to identical structures. The thermal conductivity of the Si
MCPs can be obtained to be k = 50 W/(m-K) from Eq. (4).
The Si MCP structures have a thermal conductivity value lower
than that of bulk Si (about 150 W/(m-K)) at room temperature
and the value is similar to that of the periodic microporous sili-
con films prepared by a silicon-on-insulator (SOI) process['2.
The results indicate that MCP structure can indeed reduce the
thermal conductivity in silicon. However, the figure of merit
ZT is not increased substantially. The value may be increased
by reducing the pore size or spacing between the pores by ox-
idation of the Si MCPs to produce nano-scale structures.
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4. Conclusion

Si MCPs are prepared by photo-assisted electrochemical
etching (PAECE) and doped with boron and phosphorus. The
Seebeck coefficient is directly related to the electrical resistiv-
ity of the Si MCPs similar to bulk silicon. A test device con-
sisting of the p-type and n-type Si MCPs is fabricated and the
Peltier effect is observed as current flows. By changing the cur-
rent direction, the larger current gives rise to a bigger tempera-
ture difference due to double Peltier heating. The high electri-
cal resistivity (compared to other matural thermoelectric ma-
terials) of the Si MCPs seems to be a key impediment to the
application of thermoelectric devices. However, the Seebeck
coefficient and electrical resistivity can be further optimized by
adjusting the impurity concentration and another dopant such
as antimony may be more suitable in order to achieve a low
electrical resistivity and acceptable Seebeck coefficient. In ad-
dition, the thermal conductivity of the Si MCPs derived from
the theoretical calculation confirms that the MCP structure is
effective in reducing the thermal conductivity.
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