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We report the thermal conductivity of photoelectrochemically synthesized mesoporous silicon

(MPS), with �20-nm diameter pores and 52%–58% porosity. The thermal conductivity of MPS

samples with a thickness of a few microns was measured using the three omega (3x) differential

technique. We experimentally demonstrated that the thermal conductivity of MPS varies between 3

and 7 W/m K at room temperature and is dependent on the photoelectrochemical etching times

used during the MPS synthesis, which induces a slight change in the MPS porosity. Calculations

were conducted using the Boltzmann transport equation in the relaxation time approximation, with

the results suggesting that the large thermal conductivity reduction in the MPSs was not entirely

explained by the pore boundary scattering. Our findings indicate that elastic softening in the meso-

porous structure may be responsible for the reduction in the thermal conductivity. Published by
AIP Publishing. [http://dx.doi.org/10.1063/1.4997747]

Although silicon (Si) is the material of choice in the

semiconductor industry, its application to light emission/

absorption or optoelectronic devices has been limited due to

its indirect bandgap that results in a low light-emission/

absorption efficiency. However, porous Si has attracted con-

siderable attention and has emerged as a rising candidate for

such applications because of a report by Cullis and Canham

showing that quantum confinement modifies the Si band

structure, thereby enhancing the light-absorption/emission

efficiency at the nanoscale.1

To facilitate the above applications, understanding of

the thermal conductivity (k) of porous Si is crucial because

the temperatures of optoelectronic devices are directly linked

to their luminous efficacy.2 Further, porous Si is regarded as

a promising thermoelectric material with a potentially high

thermoelectric figure of merit, i.e., ZT � rS2

k T, where S, r,

and T are the Seebeck coefficient, the electrical conductivity,

and the absolute temperature, respectively. Although the Si

power factor rS2 is sufficiently high, its high k has hindered

the use of Si in thermoelectric applications. However, since

Hochbaum et al.3 demonstrated that the k value of Si nano-

wires with roughened surfaces can be lower than the Casimir

limit,4 various Si nanomaterials including porous Si have

attracted considerable attention.5–7 Numerous experimen-

tal8–14 and theoretical15–20 studies on the thermal properties

of porous Si have been conducted. The measured k values

have been shown to be reduced by as much as two orders of

magnitude when the porosity (e) is higher than 64%, which

is attributed to the decrease in the phonon mean free path

(MFP) confined by the porous structure.9 Besides the k value

of porous Si,12 other thermoelectric properties, i.e., r and S,

of nanoscale porous Si have been measured and calcu-

lated.21–23 In particular, the ZT value of optimally doped

porous Si has been found to be larger than that of bulk Si.22

In this study, the effective k (keff ) values of mesoporous

silicon (MPS) samples with different porosities are measured

in order to explore a mechanism of the keff reduction in

MPS, which can be useful for optoelectronic and thermoelec-

tric applications. Further, analysis is conducted using the

phonon Boltzmann transport equation in the relaxation time

approximation so as to estimate the phonon boundary scat-

tering effect on the keff reduction.

To prepare the samples, MPS was synthesized using a

simple and scalable process. A p-type Si wafer with a resistiv-

ity of 0.01–0.02 X cm was secured in a Teflon container etch

bath filled with a 1:3 hydrofluoric acid (HF) and ethanol mix-

ture. An MPS thin film was formed via etching under a con-

stant current density of 3.53 mA/cm2 and a light illumination

of 450 W/m2. Illumination decreased the porosity of p-type Si

and worked for tuning the refractive index of MPS without

having to apply a significantly low current density.24,25 The

pore size and spacing of porous Si are determined by several

etching conditions, such as the ethanoic HF concentration, the

current density, the doping type, and the doping concentra-

tion.26 Here, the increased doping concentration transforms

the pore shape from equiaxed to columnar.27

In the present study, cylindrical pores formed [Fig. 1(a)]

as the MPS was synthesized from a heavily doped p-type

wafer. In addition, branching pores stemming from the
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cylindrical pores appeared under low current density condi-

tions, i.e., below 10 mA/cm2.28,29 The cylindrical pore sizes

were measured using high-resolution scanning electron

microscopy [SEM; Fig. 1(b)]. The average pore size was

obtained to be approximately 21 nm; thus, the synthesized

samples were categorized as MPS, i.e., porous Si with

10–50 nm pores.30 Three MPS groups with thicknesses of

approximately 1, 2, and 3 lm were synthesized by employ-

ing etching times of 4, 8, and 12 min, respectively (Table I).

The e values were determined using a Fourier transform

infrared (FTIR) spectrometer, which provides a comparable

measurement accuracy to that of the gravimetric method for

the porosities around 50%.31 The total reflectance values (R)

of the MPS films were measured using varying light wave-

lengths. From the measured R, the refractive index of each

porous Si film (npSi) was extracted (supplementary material).

Note that the npSi value of a porous Si film, which is a func-

tion of e, is expressed as

npSi eð Þ¼nSi

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2eþ2Þ nSiþnairð Þ2þ

1�eð Þ n4
Siþn4

air

� �
1þeð Þn2

Siþ 1�eð Þn2
air

;

 vuut
(1)

where nSi and nair are the refractive indices of Si and air,

respectively.14,15 The e values of the approximately 1, 2, and

3–lm-thick MPSs were measured to be 52, 57, and 58%,

respectively. The tendency of e to increase with the increas-

ing etching time is related to the inhomogeneity of the pore

size along the thickness direction.32 As the etching proceeds,

the pore size increases because of the gradual decrease in the

ethanoic HF concentration. Further, the nonlinear trend of e
with respect to etching time agrees with the result of a previ-

ous report.26

To measure the keff values of the MPS films, the three-

omega (3x) differential method was employed. As shown in

Fig. 1(a), an aluminum oxide (Al2O3) film of approximately

250-nm-thick was deposited via atomic layer deposition

(ALD), which served as electrical insulation between the

MPS layer and the platinum (Pt)/chromium (Cr) metal strip.

Note that ALD is expected to provide a high quality inter-

face, which is almost perfectly conformal to the MPS sur-

face, thereby rendering the interface thermal resistance

negligible. In addition to a relatively low deposition temper-

ature of �300 �C; there was a purging nitrogen gas in the

ALD deposition chamber, which prevented the MPSs from

being oxidized. Moreover, an ultra-thin Al2O3 layer could

serve as an oxidation barrier.33 However, penetration of the

ALD precursors through the pores during deposition is of

concern. Such penetration may fill the pores, yielding an

increase in the measured keff . To address this issue, two dif-

ferent device batches were prepared, with (samples 1–5) and

without (samples 6 and 7) an additional 30-nm-thick Pt layer

sandwiched between the dielectric and the MPS film.

Because the Pt layer thickness was larger than the pore size,

the assumption that the Pt layer precluded the precursors

from penetrating the porous film was justified. The keff val-

ues for these two sample batches are compared in the next

paragraph. Finally, even if nanometer scale cracks originat-

ing from the thermal expansion coefficient mismatch

between Al2O3, Pt, and MPS existed, they were likely rap-

idly filled with Al2O3 before a significant degree of penetra-

tion occurred.34 Once Al2O3 was deposited, 210-nm-thick,

80–lm-long, and 20–lm-wide Pt/Cr metal strips were fabri-

cated on top of the dielectric layer using standard photo-

lithography techniques. The Pt and Cr thicknesses were 200

and 10 nm, respectively. Concurrently, an MPS-free refer-

ence measurement device was prepared, in order to apply the

3x differential method.

The keff measurements were performed in a cryostat at

pressures lower than 10�5 Torr. Figure 2 shows the measured

cross plane keff of the MPS samples as a function of tempera-

ture. It is apparent that the keff value decreased with the

increasing etching time (indicated in Table I for each

sample). Further, the keff values of the 4 and 6 min etched

samples are lower than those of the 2 min etched samples by

26% and 40% on average, respectively. Moreover, the keff

values of samples 6 and 7, which have �30-nm-thick Pt

layers for adopting the 3x differential method, are almost

identical to those of their counterparts without the additional

Pt layers. The same Pt layers were deposited for the refer-

ence samples of samples 6 and 7 as well for adopting the 3x
differential method. This indicates that the Al2O3 deposition

in the pores did not significantly affect the keff value of the

MPS films possibly because of the spontaneous surface

blocking of the Al2O3 deposition. Additionally, as shown in

Fig. S2, the measured k values of the substrates and Al2O3

FIG. 1. (a) Scanning electron microscopy (SEM) cross-sectional image of

the measurement device with the MPS film having 57% e, synthesized from

the heavily doped p-type Si wafer. The top-most layer is an Al2O3 film

deposited on the MPS film via ALD. (b) High resolution SEM image of the

top MPS surface. The pore size is approximately 30 nm. (c) Scanning trans-

mission electron microscopy (STEM) images of MPS having identical e.
The inset shows the MPS diffraction pattern. Scale bars: (a)–(c) 1 l m,

100 nm, and 10 nm, respectively; [(c), inset] 2 1/nm.

TABLE I. Etching times and Al2O3 and Pt thicknesses of MPS samples.

Sample 1 2 3 4 5 6 7

Etching time (min) 2 4 4 6 6 2 4

Porosity (%) 52 57 57 58 58 52 57

MPS thickness (lm) 0.99 2.05 2.11 2.94 3.06 1.35 2.54

Al2O3 thickness (nm) … 250 253 250 253 230 230

Blocking Pt thickness (nm) … … … … 30 30
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layers were compared with the values reported in the litera-

ture (supplementary material),35,36 confirming the accuracy

of our measurement results. When the MPS e was higher

than 60%, the measured keff value was inconsistent or the

MPS layers tended to detach from the substrates easily. This

may have been due to the structural fragility of MPS or the

imperfect interface between the MPS and the subsequently

deposited dielectric layer. After the thermal measurements,

the thicknesses of the dissected MPSs were measured at sev-

eral different positions near the 3x metal strips using SEM

as shown in Fig. S3. The averaged thicknesses are listed in

Table I, and the relative standard deviation of the thicknesses

was approximately 2% on average.

In order to gain a better understanding of the observed

data shown in Fig. 2, the intrinsic k (kitrs) values of the MPS

samples were calculated using the phonon Boltzmann trans-

port equation using the relaxation time approximation37

kitrs ¼
1

3

X
j¼L;T;TU

v2
j

ðhj=T

0

CV;j xxð Þsj xxð Þdxx; (2)

where j, h; CV , v; s, and x are the polarization, the Debye

temperature, the volumetric specific heat, the phonon group

velocity, the relaxation time, and the non-dimensional fre-

quency xc � �x
kT , respectively. Corresponding to j, subscripts

L, T, and TU represent the longitudinal and low and high fre-

quency transverse phonon branches, respectively. The relax-

ation times for the phonon branches were estimated to

be s�1
L ¼ Ax4 þ BLx2T3ð Þ, s�1

T ¼ Ax4 þ BTxT4ð Þ, and

s�1
TU ¼ BTUx2=sinh xxð Þ.37,38 In these expressions, the fitting

parameter A is the sum of the coefficients involved in the iso-

tope (Aisotope), the mass difference between Boron and Si

(AdM), and the strain contributions (AdR) such that

A ¼ Aisotope þ AdM þ AdR. Further, the fitting parameters BL,

BT , and BTu contribute to three-phonon scattering, i.e., the

normal and Umklapp processes. Considering the substrate

doping concentration of 3.5 �1018 cm�3, Aisotope, AdM, and

AdR were adjusted to 1.98 � 10�45, 1.75 � 10�46, and 8.86

� 10�46, respectively.38 Regardless of the doping concentra-

tion, BL, BT , and BTU were taken to be 2 �10�24,

9:3 � 10�13, and 5:5 � 10�18, respectively, which are iden-

tical to those used in a previous study.39 From this scattering

time calculation, the spectral kintr;j xð Þ of bulk Si for j polari-

zation was obtained as

kitrs;j xð Þ ¼ 1

3
v2

j CV;j xð Þsj xð Þ ¼ 1

3
vjCV;j xð Þk0;j xð Þ; (3)

where k0;j xð Þ (� sj xð ÞvjÞ is the spectral MFP for j polariza-

tion. The overall kitrs value was obtained by integrating the

kitrs:j xð Þ value over the frequency range for each polarization

and adding the respective kitrs;j contributions, originating

from the different polarizations. In order to compare the cal-

culation results with the measurement values, which were

the keff values, the calculated kitrs values were multiplied by

a factor of 1� eð ), i.e., a material removal factor.20

As a result of the nanometer scale porous structure, the

MFP was reduced by boundary scattering at the pore surfaces.

This MFP reduction was integrated into the intrinsic bulk

MFP based on Matthiessen’s rule as proposed by Liu, and

Asheghi proposed for calculating the k value of a thin Si

film.39 First, the MPS was assumed to have cylindrical pores

because heavily doped Si produced a columnar structure.27

The MFP reduction caused by the cylindrical boundaries was

then analytically calculated following Hua and Cao (supple-

mentary material).20 Note that the phonons were diffusely

scattered by the cylindrical pore boundaries, considering the

rough surfaces of the MPS. Additionally, the MFP reduction

caused by the limited thickness of the MPS film was calcu-

lated to be three quarters of the film thickness.40 All these

reducing factors were incorporated into the total MFP based

on Matthiessen’s rule. While Hua and Cao employed a single

MFP value regardless of the phonon angular frequency (x),20

in the present work a frequency and polarization dependent

relaxation time was applied based on the Holland model.37 (A

more detailed procedure is introduced in the supplementary

material.) According to this analysis, the calculated keff values

exhibited a stronger temperature dependence than the mea-

sured keff values as shown in Fig. 3(a). It was thought that

long MFPs at low temperatures were strongly confined by the

branching pores derived from the major cylindrical pores.

Therefore, a model with hexagonally ordered round

pores was introduced to incorporate the phonon scattering

by the branching pores stemming from the cylindrical

pores. The reduced spectral MFP (kj
0 xð Þ), yielded by the

hexagonally ordered round pores, was calculated as

kj
0 xð Þ ¼ k0;j xð Þ= 1þ 4k0;j xð Þ=3l0

� �
.40 Here, l0 is the small-

est distance between the adjacent pores, i.e.,

l0 ¼ l 1�
ffiffiffiffiffiffiffiffiffi
2
ffiffi
3
p

p e
q� �

, where l is the inter-pore spacing. l was

taken to be 30 nm based on the high resolution SEM mea-

surement of the inter-pore spacings. Note that the above

equations assume that the reduced MFP was determined by

the smallest thickness between the hexagonally ordered

round pores. Therefore, the estimation, yielded by this

model, provides the minimum keff value for the correspond-

ing e. The two different models, having cylindrical and round

pores, respectively, encompass the keff values of columnar

MPS obtained from the previous reports8,10,13 as well as this

study [Fig. 3(b)].

FIG. 2. MPS sample keff as a function of temperature. The keff values of 2-

and 3-lm-thick MPSs are lower than that of the 1-l m-thick MPSs by

approximately 26% and 40%, respectively, at room temperature.
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However, the exact phenomenon responsible for keff

reduction with respect to e remains unclear. The calculated

keff value from the MPS with a e value of 58% was only

�17 and �19% smaller than that with a e value of 52%

based on the cylindrical and round pore models, respec-

tively; on the other hand, the reduction of keff from the mea-

surement results was more than �40%. This large deviation

indicates that the significant reduction of keff is not thor-

oughly explained by the reduction of the phonon MFPs.

Other than the reduction of phonon MFPs, there are several

factors, which might be influential to this phenomenon,

such as phonon wave or ballistic characteristics, the mor-

phological change of the MPSs, and elastic softening of a

nanometer-thick Si structure. The ballistic or wave charac-

teristic of phonons would not be the case; otherwise, the

discrepancy among the keff values would have increased as

opposed to our current observation because phonons have

longer MFPs and wavelengths as temperature decreases.7,37

Also, the constant current density and the doping concen-

tration excluded the possibility of a significant morphologi-

cal change in the MPSs. Lastly, one possible scenario for

this unexpectedly large deviation is due to elastic softening,

which becomes valid in sub-30-nm-thick Si and could

lower the k value of approximately 5-nm-thick crystalline

Si below the amorphous limit.41,42 Notably, l0 was calcu-

lated to be within the 6.0–7.4 nm range in this study, which

indicates that local kitrs values in the regions of the mini-

mum characteristic size would be close to the amorphous

limit of k. The Young’s modulus of porous Si (EPS)

decreases with increasing e, i.e., EPS / 1� eð Þ2,43,44 which

generates a decrease in the phonon group velocity, i.e.,

v /
ffiffiffiffiffiffiffi
EPS

p
, and accordingly a significantly large reduction

in k, i.e., keff / 1� eð Þ because keff is linearly proportional

to v [Eq. (3)].

In summary, we measured the keff values of photoelec-

trochemically etched single crystalline MPS samples using

the 3x differential method. The measured keff value of

3–7 W/m-K at room temperature showed a strong depen-

dence on the MPS e which corresponded to the etching time.

The reduced keff value was partly explained by a decrease in

the phonon MFPs. The phonons were bound by the MPS

skeletal structure, of which the smallest size was less than

10-nm-thick. However, the unexpectedly large keff reduction

corresponding to the slight e increase may be due to elastic

softening, which reduces the local kitrs value of the MPSs

corresponding to the local structure sizes. This finding can

be applied to tune the keff value of porous Si by a slight

change in e.

See supplementary material for details of the e measure-

ment via FTIR, the 3x differential method, and the phonon

MFP calculation for the cylindrical model.
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