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Impact of surface roughness temperature dependency on the thermal contact resistance
between Si(111) and liquid ‘He
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The thermal contact resistance at a highly polished single-crystal silicon (111)/liquid helium interface has
been directly measured from 0.4 to 2.1 K using a single experimental cell. A thermal analysis is presented using
the thermal conductivity of the Si which is simultaneously measured. The effect of phonon scattering by
nanoscale surface roughness on the observed thermal resistance is investigated. A feature brought to light in our
analysis is that the surface roughness which plays an effective role in phonon scattering is temperature
dependent. This explains the temperature dependencies of the thermal contact resistance. Comparisons with

other experiments are made.
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I. INTRODUCTION

The Kapitza thermal contact resistance (TCR) at solid/
superfluid “He boundaries is probably one of the most puz-
zling thermal phenomena yet to be guantitatively understood.
The thermal barrier AT, which is formed over just a few
atomic layers at the interface, is typically two or more orders
of magnitude greater than the temperature difference over 1

mm in the solid. The TCR is given by AT/(Q/A,), where Q
is the heat flow and A; is the cross-sectional area of the
interface. The considerable amount of theoretical and experi-
mental work!= at 7>1 K has led to the general consensus
that there are two parallel channels of heat transfer: a weak
channel determined by elastic proprieties of each medium in
which phonons undergo specular reflection, described by the
acoustic mismatch (AM) theory;* and an important back-
ground channel in which, contrary to the former mechanism,
the components of the wave vectors of phonons parallel to
the surface are not conserved at the interface. Here, a single
incident phonon on the surface can give rise to one or more
phonons which are reflected and/or absorbed at the interface.
This phenomenon is qualitatively attributed to surface
nonideality® which was studied theoretically.®!”

We report here an experimental study which focuses on
the impact of surface roughness on phonon transmission,
based on the theory of Adamenko and Fuks (AF).” In the AF
theory the phonon momentum transfer is determined by the
O/ \ ratio, where & is the characteristic surface roughness
dimension and N ~#c;/3.8kzT is the phonon wavelength in
liquid He and ¢, is the sound velocity in He. Our study is
based on the premise that by changing the temperature the
ratio 6/\ is modulated and hence the nature (diffuse or
specular) of the phonon scattering can be experimentally
“tuned” for a highly polished surface. Our experiment is con-
ducted on a highly polished silicon [111] crystal surface in
contact with superfluid “He from 0.4 to 2.1 K using a unique
experimental cell. The mean roughness of the Si surface is
less than 1 nm on scale length of ~1 um. And, the thermal
phonon wavelengths in liquid He vary from 8 to 2 nm in the
experimental temperature range whereas in Si the wave-
lengths vary from 650 to 65 nm. The results demonstrate that
the TCR is dominated by the phonon-surface roughness in-
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teraction at the interface in the whole temperature range of
the experiment. We show that the surface roughness height
o, required to quantitatively account for the experimental
transmission coefficient, is nanometric in scale. Moreover,
the surface roughness which comes into play depends on
temperature and this in turn can explain successfully the tem-
perature dependency of the TCR from 0.4 to 2.1 K.

This paper is organized as follows. We describe our ex-
perimental cell geometry. A heat flow analysis is presented to
interpret and show the reliability of our measurements. The
thermal conductivity of our Si single crystal is discussed.
The direct measurements of the Kapitza resistance between
Si(111) and superfluid *“He under svp pressure from 0.4 K to
the \ point are presented. The influence of the surface rough-
ness on the temperature behavior of the average transmission
coefficient is quantified in light of the AF model. Finally, our
results are compared to other studies at Si/*He boundaries.

II. EXPERIMENT

A. Cell configuration and sample

Our experimental arrangement is shown in Fig. 1. The
silicon sample is a rod-shaped single crystal (6.2 mm in di-
ameter and ~40 mm in length). It is of intrinsic purity and
was supplied by Crystal Scientific® (UK) Limited. The crys-
tal was Flotzone grown and its ¢ axis is oriented long the
(111) direction. The flat [111] plane in contact with super-
fluid helium is an optically polished silver mirrorlike surface.
Its surface roughness characterization is described later (Sec.
IIT). The other surfaces are grayish in color. The crystal was
handled under He atmosphere, but it was exposed to air for
few minutes when mounting the cell onto the refrigerator.

The experimental cell also consists of a thin walled CuNi
tube (~0.15 mm wall thickness and ~38 mm in length)
which is soldered to an ~1 cm® copper reservoir. At the
other extremity of the tube, the silicon rod is sealed super-
fluid leak-tight over a length /=2.2 mm into the tube, using
a fine layer of Stycast 2852 FT. The mounting of the Si
crystal rod is achieved as follows. A Teflon rod, of diameter
equal to that of the CuNi tube, was tightly inserted through
the copper reservoir along the length of the tube up to !/
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FIG. 1. Experimental cell.

~2.2 mm from the other extremity of tube. The CuNi tube
was inserted through the centre of a Teflon disk (of ~5 c¢m
in diameter and ~3 cm in thickness). Similarly, the Si rod
was inserted through the centre of a second Teflon disk of
same dimensions. A fine layer of Stycast 2852 FT was ap-
plied carefully over a length of ~1.8 mm on the side walls
of the crystal rod, which was then delicately inserted into the
CuNi tube. The two Teflon disks were brought together at the
crystal/tube junction and aligned with the aid of groves
(which were machined on them). This procedure helped to
align the crystal axis to that of the tube. The Stycast seal over
the length of /=2.2 mm of the tube is achieved by the
spreading of the Stycast during the insertion of the crystal
and also by capillary effects since Stycast 2852 FT (with
catalyst 24LV) is a low viscosity epoxy.® The purpose of
Teflon rod in the CuNi tube was threefold: to monitor the
depth of the crystal into the rod, to protect the study sample
surface of Stycast and to prevent the Stycast from creeping
onto the CuNi tube wall beyond 2.2 mm. After ~50 h, the
Teflon disks and rod were removed, and the sample surface
was examined.

The copper reservoir is fixed to cold source of the *He
refrigerator. The reservoir and the tube are filled with liquid
helium at svp pressure.

We use bare chipped ruthenium oxide (Model RX-102A-
BR) thermometers. They were calibrated together in a cell
filled with superfluid helium. Three of these thermometers
are fixed to the crystal with a fine layer of Araldite® glue.
Three other RX thermometers are mounted onto an epoxy
stick (~0.8 mm in diameter) which is suspended into the
CuNi tube to measure the liquid temperature. The distance
from the interface to the closet thermometer in the liquid 7,
is ~2.5 mm. The distance from the interface to the centre of
thermometer 7, on the crystal is d=2.8 mm. A Manganin
wire heater (~64 ()) is tightly wound to the extremity of the
crystal over a length of ~5 mm and it supplies the phonon
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flux which is conducted along the Si(I111) direction and
across the interface. A calibrated Ge thermometer (model
GR-200A) and a carbon heater (560 (1) are anchored to the
top of the cell; and they are used to control the liquid He
temperature.

B. Measuring technique

During an experiment we record the temperature evolu-
tion along the crystal, indicated by T, T,, and T3, and in
liquid He (T;) as a steady heating power is supplied to the
crystal (see Fig. 1). The temperature on the liquid-side of the
interface 7; is held constant throughout an experiment. The
evolution of 7 is essentially governed by the reflection of
phonons at the interface boundary and by the thermal con-
ductivity of the Si crystal. Heat losses from the crystal to the
CuNi tube over the length [ also modifies 7. The tempera-
ture on the solid side of the interface is given by Tg=|T),

—(d/Ks;)Q,l, where Kg; is the thermal conductivity of Si and

Q, is the effective heat flux crossing the interface. Since the
temperature on the liquid side 77, is constant, a change in the

heat flux AQ, across the interface produces a temperature
change from 7 to T}, which is given by

A[T, = T}) = (R + dIKs)AQ,. (1)

It is easily seen that the Kapitza resistance at the interface
can now be expressed as follows:

RK= (TSI_ TéI)AI/AQ.[' (2)

III. RESULTS AND ANALYSIS

A typical set of data acquisition are shown in Fig. 2. The
absolute error in the stability of the superfluid temperature 7,
varies from 0.0125% at 0.4 K to 0.025% at 2.1 K. In Fig. 2
the thermal gradient in the Si crystal between thermometers

T, and T, is ~0.25 mK/mm when Q,%4O MuW. For the
same heat flux crossing the interface, the Kapitza tempera-
ture jump is ~25 mK over just a few atomic layers. The
strong phonon reflection at the interface is clearly detected
by all three thermometers on the crystal on a time scale
which is given by 7= (x*/D), where x is the distance be-
tween the interface and the thermometer and D
~10° cm?/s is the thermal diffusivity in Si at low tempera-
tures. This thermal diffusion time varies from ~0.1 us for
T, to ~50 us for T;.

A. Thermal conductivity of silicon (111)

In our experimental geometry the thermal conductivity of
the Si crystal along the (111) direction is also simultaneously

determined from Kg;=0Q,/[A,(dT/dx)], where Q, is the input
heat. In calculating the gradient (dT/dx) we supposed that
the Kapitza resistance between a thermometer and the crystal
surface is identical for all the thermometers on the crystal.
This may explain the small dispersion in our thermal con-
ductivity results shown in Fig. 3.
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FIG. 2. (Color online) Typical temperature recording of ther-
mometers 7, T,, and T3 on the crystal and in liquid He 7} as a
function of heating power. Data points are interpolated for clarity.
The Kapitza temperature jumps are clearly observable as the liquid
temperature remains controlled.

The dashed line fit to our data is calculated using Ksg;
= %CUD€ , where the specific heat and the Debye sound veloc-
ity are, respectively,” C=6.02X1077° (Jem™ K™') and
vp=5.93X10° cm/s. The average mean free path used in
this fit has a constant value of €=0.52 cm. The fit corre-
sponds to Kg;=0.06197° (W cm~! K7!). The T behavior is
characteristic of diffuse scattering (Casimir) of phonons at
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FIG. 3. (Color online) Thermal conductivity measurements
(squares) along the [111] axis of our single-crystal Si sample. An
average mean free path of phonons /=0.52 cm is used to obtain the
solid line fit which corresponds to K(7)=0.06197° (W cm™' K71).
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the sample walls parallel to heat flow direction. There is also
a very good agreement between our data and the measure-
ments performed on Si(111) samples (pencil-shaped struc-
tures) by Klitsner and Pohl’ [Kyp=0.057T (W cm™! K71)].

With d=2.8 mm we estimate that the influence of the
thermal resistance d/Kg; in Eq. (1) is only ~3% at 2 K and
~6% at 0.4 K. Our average phonon mean free path € deter-
mined above exceeds the length d of the crystal between the
interface and 7. Consequently, the above d/Kg; estimate is
an upper limit.

B. Thermal analysis of raw data

Up to now only the standard technique involving direct
temperature measurements gives access to Ry as a function
of T. Using this technique in a large temperature range im-
poses constraints on the experimental cell design mainly so
because heat flow paths in a cell and thus, across the inter-
face are modified with temperature, since Kapitza resistances
in different parts of the cell change as well. This explains the
lack of experimental data on well characterized solid sur-
faces in a large temperature range. To show the reliability of
our experiment, we analyze our raw data with the aid of a
thermal model represented in Fig. 4. To quantify heat flow
we estimated the conductance along each of the different

heat paths in the cell as follows. The input heat Q, is con-
ducted along the ¢ axis of the crystal of sectional area A;.
The conductance in the crystal between the heater and T is
given by Gg;=(Kg/L)=0.0197° (W cm™2 K™!). At the Si/
CuNi tube junction, QW is lost to the CuNi tube over an area
of Agjcyni®l. We took this conductance Gg;cyn; to be the
Kapitza conductance between the Si crystal and the CuNi
tube. To estimate Gg; c,N; We use the expression for a solid-

>kl @ 2a
10 LBl 2713
olata 17°, where
~ _ 4zizor d G= 421201
ar= (z17+221)?

a=y % are, respectively, the transmis-
sion coefficients of the longitudinal (L) and transverse (7).
Here the acoustic impedance z;;=p;c;, where p is the density,
c is the sound velocity, j=L,T and i=1,2 refer, respectively,
to medium 1 and 2. We computed @;=0.853 and a;=0.896
with the following values for Si (Ref. 9): pg;=2.33 g/cm?,
c;=8.97X10° cm/s, and ¢;=5.332X10° cm/s; for the
CuNi tube we used:" pc,ni=8.89 g/cm?, ¢;=5.98
X 10° cm/s, and ¢;=3.297X10° cm/s. The conductance
came out to be Gg;cni=0.01887° (W cm™ K™!). Heat
entering the CuNi wall is conducted over the length [
up to the interface. The associated conductance is Geynig)
=(Keuni/)=3.1X107373 (W cm™ K1), where Kcn;=9.3
X 107473 (W em™ K=').!' The Stycast layer thickness
forming the seal between the silicon and the CuNi tube is
estimated not to exceed a few tens of microns and therefore

solid interface,” that is, Gg;cyni=
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the cross-sectional area of the seal in contact with helium is
completely negligible compared to the Si/He interface area.
The influence of the Stycast layer on the heat transport across
the Si/He interface is negligible as demonstrated in the Ap-
pendix. Almost all the heat in the CuNi tube is transferred
along the inner surface (of area Ac,y;pe) Of the tube to the
superfluid He it contains. We estimated the Kapitza conduc-
tance at the CuNi/liquid He interface? to be Geunine
=0.0257% (W cm™? K7!). The conductance in the tube, over
the length L, is negligible since Geynip)=~2.4
X 1074713 (W cm™ K™!). The conductance in the Si crystal
from thermometer 7, to the interface is Ggy)
=0.197 (W em2K™!). We also took into account the
Kapitza conductance'? from the superfluid He to the copper
cell Gy pe=0.0487>% (W cm™2 K™!). The Geyp. can be-
come a bottleneck at temperatures below 0.5 K depending
upon the exchange area A, y.. The Kapitza conductance at
the Si/He interface is noted Gg=1/Rg. The main equations
for the heat flows are

Q0= QW+ Q.I’

Q= (1/Gg; cuniAsi.coni + 1/ GeuniapA cuni

+ 1/GepnimeAcanine ™ (T1 = T1),

0;=(1/GA;+ 1/GSi(d)ASi)_1(T1 =T1) = Geyne(TL—Tp).

We use the heater power QU and set temperature 7 of the
cold source during an experiment to calculate iteratively the
temperature 7'} until a steady state is reached. The Kapitza
conductance Gy is initially set to the values we determined

from our data when assuming no heat losses, i.e., QO Crosses
the interface. These Kapitza resistance values are determined
from a differential measurement done only on thermometer
T,. Therefore the effect of the thermal boundary (Kapitza
resistance) between the thermometer T, and the crystal sur-
face is annulled. The Kapitza resistance values at the Si/He
interface were finally corrected after determining from our

model the amount of heat really crossing the interface Q, and

that lost to the walls Qy,. Figure 5 shows the fraction of the
input heat crossing the interface for different liquid He tem-
peratures. Heat losses at the crystal/tube junction range from
~12% to less than 1% of the input power for temperatures
corresponding, respectively, from 0.4 to 2 K. At temperatures
lower than 0.3 K, heat losses increases rapidly and the cell
configuration becomes less adapted to our experimental pro-
cedure.

In Figs. 6(a) and 6(b), the solid line fits to the temperature
recordings 7, are obtained from our model. There is clearly
an overall good agreement between the fits and the measured
data. However, for strong heat flux crossing the interface the
fits overestimate the temperature shift of 7 in all of our
experiments [see Figs. 6(a) and 6(b)]. This is explained by
nonlinearities which are introduced when the change in tem-
perature 6T=(T,—T;) becomes comparable to T; for high
heat flux. This effect is not included in our model. The cor-
rection factor can be easily found by expressing the phonon
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FIG. 5. Nonlinear behavior of the fraction of input heater power
crossing the Si/He interface for different temperatures.

flux in the blackbody radiation picture as ¢=a(Ti-T}),
where « is the radiation coefficient. Substituting 7,=T,
+ 6T, we get the correction to the fit of the temperature jump
ST =6T/[1+1.5(8T/T,)+(ST/T;)*+0.25(8T/T;)*]. As an
example of the importance of this effect let us consider Fig.
6(b) when 3.6 mW is supplied to the crystal. Limiting to
first-order terms, we get from our measurements that |1
+1.5(8T/T;)]=1.07 which corresponds to a correction of
~6.5% (~5.2 mK) to the associated temperature jump ST
of 0.0786 K. This is in very good agreement with the differ-
ence between the fit and the measurements for this heater
power in Fig. 6(b). This analysis account for all the differ-
ences between the model fit and the measured data for high
heat fluxes.

For T<1 K we observe an important temperature differ-
ence 6T, between T, and T} in all the experiments when no

heating power is supplied, i.e., Q,,=0, as seen in Figs. 2 and
6(a). Also ST, increases as the temperatures decreases. For
T>1 K, 8T, is not observable [see Fig. 6(b)]. We attributed

this shift to an additional residual heat flux Q,,,; crossing the
interface. This heat flux is firstly estimated at different tem-

peratures by expressing it as Qleak: OoT,A;/Rg. We used the
Ry values given in Fig. 7. In all of our experiments we found

that the average constant value of lekZZS MuW for tem-
peratures below 1 K. This estimate is in excellent agreement
with a cross-check calculation of the heat flux, using the

temperature gradient which is measured in the absence of Q,,
between two thermometers on the crystal and the thermal
conductivity given in Fig. 3. The origin of this heat leak into
the cell is most likely due to the heater wire and it limits the
base temperature of the experiment.

Finally we note that the very good agreement between our
thermal model and the experimental data is a strong indica-
tion of the absence of additional heat exchange surface areas
(due possibly to gaps or grooves as discussed in Ref. 14).
Consequently, we conclude that stray thermal boundary re-
sistances, if present in our experimental data, are completely
negligible.
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FIG. 6. (Color online) Comparison between model (solid lines)
and T, data for (a) 7,=0.559 K and (b) T;=1.679 K. For both
cases the solid line over estimates the measured 7 data for high
input heater powers. The origin of this is explained in the text. (a)
When no heat is supplied, there is a shift 6T, between T; and T as
also seen in Fig. 2. (b) This shift is absent (see text).

C. Kapitza resistance at the Si/He interface

Figure 7 shows our Kapitza resistance measurements be-
tween a single-crystal Si(111) surface and liquid helium at
svp pressure. Our preliminary announcement of some of this
data is given in Ref. 15. The Kapitza resistance increases
with decreasing temperature at different rates depending
upon the temperature range. This is more clearly revealed in
Fig. 8, where we plotted the transmission coefficient, deter-
mined using the expression for the Kapitza resistance!®

1
R%l = ZCPUDTg. (3)

The transmission shown in Fig. 8 is an average over all
angles, all wave vectors, and all modes of phonons incident
from the solid onto the interface. We now distinguish differ-
ent temperature dependencies of Ry in three temperature
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FIG. 7. (Color online) Rg as a function of T. Lines A and B
represent respectively the results of Refs. 21 and 22. Lines C-E are
from Ref. 17. Temperature dependencies of Ry are given in Table I.

ranges, namely: (a) T>1 K, (b) 0.5<T<1 K, and (¢) T
<0.5 K. As T decreases from 2 to 1 K, Ry increases by a
factor of almost four. There is a steeper increase in Rg by a
factor of ~30 as T goes from 1 K to ~0.55 K [zone (b)].
For T<0.5 K and down to the lowest temperature we
achieved, the transmission coefficient displays an unexpected
increase which implies that the Ry growth rate is hampered
as T decreases. But this is not visible directly in Fig. 7. The
data in Fig. 8 are well characterized by power laws given in
Table I for 7>1 K and 7<<0.55 K. The fit shown in Fig. 8
for 0.55<T<1 K is explained later.

We recall that the AM theory predicts an average trans-
mission of 7,=6.75X 1073 [RgT?~ 1660 cm? K*/W] when
heat transfer by Rayleigh waves (F=1.6) are taken into ac-
count. The discrepancy with our experimental data is strong
in the whole temperature range, contrary to results presented
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o2l v ]
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FIG. 8. (Color online) 7; across the interface calculated from,
our measurements, using Eq. (5). Solid line is an interpolation of
the three temperature dependencies of 7.
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TABLE 1. Power-law temperature dependencies of o, 7;, and
RK.

o Ry
(nm) T (cm? K W
T>1 K 1.527094 0.337%13 34177313
0.5 K<T<1 K 1.517°963 0.327074 34477374
0.5 K<T 0.907 4  0.127798° 97.07° %11

in Ref. 17 as we shall see later. This is clear evident that
diffuse phonon scattering, whatever its origin, is therefore
predominant. Thus we conclude that the components of wave
vector parallel to the interface plane are not conserved even
at temperatures as low as 0.4 K on our crystal surface which
is smooth to within less than a nanometer on the scale of a
micron.

D. Scattering of phonons at a rough surface

To interpret our average transmission shown in Fig. 8 we
shall consider the AF model. In this model, phonons are
incident from liquid He onto the surface. In summary, the AF
model derives the amplitude of the reflected ®; transmitted
wave @, using appropriate boundary conditions and as a
function z which is the value of the surface vertical-height
profile {(r) at a point r in the xy plane. To ensure a proper
statistical description of the surface roughness the autocorre-
lation function of the surface is defined as ({(r){(r+p))
=g2e ! 5)2, where o is the root-mean-square surface rough-
ness height. The Gaussian distribution is a crucial assump-
tion and it accounts reasonably well for the isotropic nature
of o at a given scale length. The enhancement of the energy
flux (which is proportional to |®,|?) carried across the inter-
face is characterized by a scattering amplification function
Sf(8/\) which is temperature dependent. The average normal-
ized transmission coefficient is found to have the following
behavior:

U (1 +ly2f<a/x>), @)
T 2

o

where 7, is the transmission coefficient for an ideal surface
as given by the AM theory and y=20/ 4 is a typical rough-
ness inclination which relates o to 6.

Under the constraint = o<\, the AF model shows that
f=169(5/\)?, where the numerical coefficient is due to elas-
tic constants. We emphasis the point that there are no other
corrective higher order terms in (6/\). When (8/\) = 0.5 the
model predicts that scattering of phonon by surface rough-
ness becomes strongly diffusive and phonons outside the
critical cone, as defined by the AM theory, contribute to heat
flux which constitutes the background channel.

In our case we chose our crystal surface to be mirrorlike
such that on a scale length of N the model requirement &
~ o<\ is satisfied. Consequently, we simplify the average
transmission coefficient given in Eq. (4), after neglecting the
first term, as

PHYSICAL REVIEW B 81, 054303 (2010)

315 it i—i—r—j—j 045
2
: Joa
25
= [ =]
£ | >
e 2L Joss *
15:F ]
: Jos
E ]
05‘1...|...|...|...|<0A25
04 08 12 16 2
T (K)

FIG. 9. (Color online) o versus T (full diamonds) determined
from Eq. (5). Solid line corresponds to the temperature dependen-
cies in Table I. Ratio of (o/\) as a function of T (open diamonds).

7,~2.16(a/\)* = 0.14(0T)?, (5)

where o is expressed in nm and 7 in Kelvin. Here we took
the dominant phonon wavelength \(nm)~4/T.

Using Eq. (5), we plot in Fig. 9 the surface roughness
values o extracted from our experimental transmission data.
Interesting features are revealed. Firstly, the o values which
suffice to explain the increased heat transmission in the
whole temperature range lies between ~0.7 and ~3 nm.
Characterization of our crystal surface confirms the presence
of roughness of these values. The surface roughness of our
polished Si(111) sample is characterized using two different
techniques, namely, atomic force microscopy (AFM) and op-
tical microscopy (OM). The root-mean-square roughness o
values measured with these techniques are displayed in Fig.
10. The diamonds (<) in Fig. 10 are obtained after analysis
of OM images, using a surface mapping software (Phase
Shift Technology, Inc.®). Each (<) at a given scale length in
Fig. 10 is an average over 250 data points which were ob-
tained within scan areas of a few um?. FFT analysis of OM
images at different scale lengths indicates clearly a Gaussian-

Root mean roughness ¢ (nm)

01 . . u
10 10 10° 10°*
scale length (nm)

L

FIG. 10. (Color online) Root-mean-square roughness o of the
Si(111) surface at different scale lengths. The diamonds and the
circles correspond, respectively, to measurements performed by op-
tical microscopy and by AFM. For scale lengths less than 10> nm,

o<1 nm.
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FIG. 11. (Color online) Typical AFM image (1 um?) of the
Si(111) surface and surface roughness profile (in A).

like distribution of o values associated with that scale length.
The full circles in Fig. 10 are AFM measurements, obtained
in the tapping mode. Figure 11, which is a typical topo-
graphical AFM image conducted over a scan area of 1 um
X1 um, shows also that there is a distribution of o values
present on our sample surface.

Secondly, as seen in Fig. 9, 0 1/T" where n=0. In Fig.
9 we show also the ratio (o/\), which increases from ~0.3
to ~0.4 for T ranging from 0.4 to 2 K. The experimental
outcome o<\ is in agreement with the model requirement.
Also, the orders of magnitude of (o/\) are in excellent
agreement with the AF model prediction for the scattering to
be diffuse and/or resonant. The fact that (g/\) ratio under-
goes a relatively small change suggests that there is a pref-
erential selection of o, which is determined by the thermal
phonon wavelength, such that the momentum transfer is op-
timal at the interface. Further, we deduce that the increased
phonon momentum transfer at the interface requires the con-
dition |k8 = 2.2 to be satisfied, where k is the incident wave
vector. We also remark that a larger density of roughness
height o of increasing size is required as the temperature
decreases. The lack of surface roughness comparable in size
to the wavelengths at low temperatures (see Fig. 10) may
explain the small decrease in (o/\) observed at T<<1 K.

In view of the above discussion it is now clear that trans-
mission coefficient is entirely controlled by the phonon-
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surface roughness interaction and its temperature depen-
dency. The temperature dependencies of o, shown in Table I
for three different temperature ranges, account quantitatively
for the observed Rg. The fit to the data in Fig. 8 for 0.5
<T<1 Kis obtained from the power law describing o. The
solid line fits in Figs. 8 and 9 are interpolations of the tem-
perature dependencies given in Table I. The 7" dependency of
o discovered here implies that the effective heat exchange
area at a microscopic scale depends on the thermal frequency
of phonons. We found that this interesting feature, which
emerges naturally in our analysis, was evoked by Little!® in
the literature. Little argued in Ref. 18 that the smaller the
wavelength, the greater the effective area A, available for
heat exchange. Hence, he predicted that A, was to increase
with increasing phonon energy (frequency w) as A=A, 0",
where A, is the nominal macroscopic area and n>0 when
(o/N)>1. Little’s formulation is valid only in the limit of
high frequencies since, as w—0, we must have A, —A,.
Writing the increase in the effective exposed area as
(A,/A,)=1+2(co/\)? we have that heat transport across the
interface will be greater than the AM theory predication
when (o/\)> 1. In the present work, as shown in Fig. 9 and
supported by the characterization of our sample surface in

Fig. 10, we have 0.3<(o/\)<0.4, and consequently the ef-
fective area A, differs very little from A, in the whole tem-
perature range of the experiment. The enhanced heat transfer
through the surface, even at shorter wavelengths, is therefore
not due to an increase in the effective exchange area. The
diffuse or resonant scattering process privileges phonon in-
teractions with certain roughness heights among the Gauss-
ian distribution present on the surface, as discussed above.
Thus o increases with the wavelength N\ of phonons as in
Fig. 9. Since A, = 0?, we expect A, to increase (at a micro-
scopic scale) with decreasing phonon frequency. We point
out that the arguments here are valid only when o<A.

For the sake of completeness, we note that Little also
studied'” the effect of the interaction between microscopic
roughness and phonons of comparable wavelengths on heat
flow. For this case, his model indicates that the Kapitza re-
sistance at solid/liquid helium interfaces is slightly greater
for microscopically rough surfaces than for ideally smooth
surfaces given by the AM theory. This predication has never
been observed experimentally.

In our analysis we have taken the dominant heat transfer
process to be due to the phonon-surface roughness interac-
tion leading to diffuse scattering of phonons. The o values
shown in Fig. 9 must therefore correspond to upper limit
values. We might expect slight modifications in these values
in the event of parallel heat transfer mechanisms. Neverthe-
less, the fundamental conclusions of our analysis remain un-
changed.

Finally, we make three observations. Firstly, our experi-
ment is conducted with helium having a *He impurity con-
centration of ~2X 1077, As demonstrated by Duncan et al.?’
and corroborated by Murphy and Meyer,'# the effects of this
concentration level are not detectable on Ry unless the tem-
peratures are within 10~ of the \ point. Secondly, additional
thermal boundary resistance due to the suppression of the
superfluid counterflow in a “skin” layer of liquid in contact
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with the solid is not present in our experiment. As discussed
also by Duncan et al.® this effect, which exists even when
*He is ultra pure, manifests itself only at temperatures within
1073 of the \ point. Thirdly, the superfluid correlation length
varies over our experimental temperature range but remains
always much smaller than any characteristic phonon wave-
length or surface roughness scale of the Si surface. It was
therefore not considered in our analysis.

E. Comparison with other studies

We next compare our results to previous studies on Si.
The only other direct Kapitza resistance measurements>!->?
on silicon/liquid helium interfaces were conducted at tem-
peratures higher than 1.4 K and are shown by curves (A)
(Ref. 21) and (B) (Ref. 22) in Fig. 7. Curve (A) represents
measurements conducted by Johnson er al. on Si(111) [Rg
=357"*15 c¢m? K/W]. The crystallographic orientations with
respect to the direction of the heat flux in the present work
and in that of Johnson er al. are the same. Further, it is
generally accepted that at least the first layer of He in contact
with the Si substrate has a solidlike structure. The hcp crys-
talline symmetry of Si [111] surface matches that of solid
*He (which has also an hcp structure). As seen from Fig. 7,
the Ry values of these two experiments agree within a factor
of two. Little is known about the surface state of their
samples. Discrepancies of these orders of magnitude were
found in other studies,”® in the same temperature range,
which focused on the impact of systematic surface treatments
(chemical etching or electropolishing) leading to different
surface roughness on a micron scale for a given sample.

Figure 7 also shows that curve (B) representing our pre-
vious measurements on Si(001) [Rg=46.2T"3% cm? K/W]
at 7>1.5 K and the present work are very consistent. The
experimental configurations are very different in both cases.
Both samples have highly polished surfaces of roughness of

the order of <2 nm at scale lengths <1 pmm. The good
agreement between this work (Si [111]) and curve (B) (Si
[001]) suggests that the influence of surface roughness
primes over probable effects due of the crystallographic ori-
entation in phonon transmission at 7>1 K. It would be in-
teresting to examine this aspect for 7<1 K.

In Fig. 7, curves C-E represent the data of Olson and
Pohl'? obtained on 0.3-mm-thick Si(111) wafers. Curves C,
D, and E correspond, respectively, to a clean Syton polished
Si surface, a Si surface covered with an amorphous SiO, film
of 2160 A thickness and a plasma etched Si surface. The
study of Olson and Pohl is conducted between 2 and 0.05 K,
a wider temperature range than the one covered in the
present investigation. We note that their Ry data are deter-
mined rather indirectly from their thermal conductivity mea-
surements performed on these samples when covered with
liquid *He. Using their estimates of the mean free path [,
they calculated by Monte Carlo simulations the transmission
coefficient ay; and the probability f for phonons to undergo
diffuse scattering at the Si/He interface. Defining the total
average phonon transmission coefficient for 7>0.3 K as «
= a,;f and with the aid of Eq. (3), they determined Ry as
shown in Fig. 7. Firstly, we note that the discrepancy be-
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tween our results and that represented by curve C increases
from a factor of ~10 at T~2 K to a factor of ~70 at T
~0.4 K. These discrepancies are reduced by a factor of two
when comparing our results with sample D. Our sample cer-
tainly has oxide layers—but differences in the results of

samples C and D become negligible at 7<0.3 K, where they
found Ry for these samples to approach the value predicted
by the acoustic mismatch theory. We note that these discrep-
ancies with our results are puzzling since samples C, D, and
ours are polished mirrorlike surfaces, having similar surface
roughness. Further, there is a relatively good agreement be-
tween the Olson and Pohl measurements of /, of phonons in
sample C (/,~0.8 cm) compared to our value (I,
~0.52 cm) (Sec. III B). Sample D has a [,~1 cm. Sec-
ondly, the agreement between our measurements and results
of sample E, shown in Fig. 7, is also puzzling. This is so
because the plasma-etched Si surface (curve E) has a
“black-velvet-like'”” appearance with bumps which were
~0.3 um in diameter and height. Further, sample E has a
lp~ 10 cm, which is a factor of ~20 larger than our value.
AFM analysis of our sample surface shows that at scale
lengths of the order of 1 wm, our sample surface roughness

has an average value of <1 nm.

We remark also that at 7=0.3 K the Ry values of Olson
and Pohl'” for samples C and D reach the acoustic mismatch
prediction.?* Our present data extrapolated to 0.3 K do not
attain the AM theory prediction since the effect of phonon
scattering by surface roughness remains preponderant. From
Eq. (5), we have that an almost complete suppression of

diffuse scattering requires (o/\)<0.0056. For this condition
to be met at 7=0.3 K, the mean surface roughness o

<0.75 A at scale lengths greater than 13 nm, which is an
extremely stringent condition to be met especially on sample
D which has an amorphous SiO, layer. It is also interesting
to note that Olson and Pohl found for all three samples that
0.3< ad,ffil for 0.3<T<2 K, which demonstrates that
roughness comparable in size to the liquid phonon wave-
length must also be present on their Syton-polished surface.
This corroborates the importance of the diffuse scattering
mechanism as we have shown in our experiment. Conse-
quently, it appears as if the discrepancies in the results shown
in Fig. 7 are due to the small values of the factor f describing
the probability of diffuse scattering to occur, which depends
on the geometry of their sample.

Finally we note that our average transmission coefficient
compares well to those measured in experiments using the
heat-pulse technique? and, in particular, with the measure-
ments performed by Guo and Maris?® in phonon reflection
studies on a Si(111) polished sample covered with liquid He
films of ~10 A at 1.85 K. (see Fig. 7 in Ref. 26).

IV. CONCLUDING REMARKS

We have conducted TCR measurements at a Si/“He inter-
face that spans the temperature range 0.4 to 2.1 K using a
single cell. The chemical purity of the crystal surface re-
mained unchanged throughout the experiment. The results
constitute the first set of data for a highly polished dielectric
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material in a sufficiently wide temperature range so that the
temperature dependence of TCR can be studied. Based on
the Adamenko and Fuks model, we have demonstrated the
importance of surface roughness in the transmission of
phonons at liquid *He/surface boundaries. We have quanti-
fied the degree of surface roughness which comes into play
in comparison with the thermal wavelength of phonons of
liquid “He. We have also put to evidence a feature which is
the temperature dependency of the surface roughness height
o. The latter reveals to be a key parameter to quantitatively
account for the temperature dependency (exponent) of Rp;
and it has to be included in future models.

Finally, we note that the sensitivity of o on T suggests
that Ry can prove to be a useful probe of surface roughness
at nanoscale. This present investigation shall also serve a
more general purpose of understanding thermal contact resis-
tance in thermal management studies of microstructured and
nanostructured systems, where the underlying physics is also
determined by phonon scattering at boundaries or
interfaces.?’
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APPENDIX

We analyze here heat flow through the Stycast seal be-
tween the CuNi tube and the Si crystal, and we show that its
influence on our Ry measurements at the Si/He interface is
negligible. We consider an extreme case where the all heat

loss Qsly from the Si to the Stycast, over an area of Ag; g,
=Agi cuni®©!=2.2 mm, is transported along the Stycast layer
only and across the Stycast/He interface. The Stycast bond
layer is estimated (by measuring the diameter of the crystal

and that of the tube) to be ~25 um thick. We determine Q.Sty
by modifying the previous model used to calculate heat
losses to the CuNi tube (see Sec. III B).

We define the conductance Gyg; gy as the Kapitza conduc-
tance from the Si crystal to the Stycast epoxy. We estimate
Gg; sty as we did for the CuNi/Si interface. We compute the
longitudinal (L) and transverse (7) transmission coefficients
from Si to the Stycast epoxy to be, respectively, @; =0.647
and &'T=0.604, with the following values for Stycast 2852FT
epoxy: psy=2.1 g/em’, ¢;=2.5X10° cm/s, and c;=1.8
X 10° cm/s. The longitudinal and transverse velocities (c;
and cy) are typical values for epoxies. For Si we used the
values given previously. The conductance turns out to be
Gsisy=0.01287° (W cm™ K™'). Knowing the thermal con-
ductivity of Stycast 2852 FT at 1 K (Ref. 8) and using the
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fact that an amorphous material generally shows a 7> behav-
ior in its thermal conductivity?® at low temperatures, we take
the thermal conductivity of Stycast to be Kgy=~6.5
X 10737 (W em™! K1) for 7<2.1 K. The conductance in
the Stycast layer is therefore Ggy()=(Kgy/l)=3
X 107*7% (W em™ K™'). The Kapitza conductance Ggy e
between the epoxy and liquid He is poorly documented in
the literature. We shall take this conductance to be infinite.
Clearly, a finite value of Gg . can only lead to a smaller

QSty. Also, this assumption overcomes the problem of deter-

mining the effective surface exchange area Ag, . between

the Stycast and liquid He due to an eventual formation of a

meniscus of the epoxy. However, the Stycast epoxy seal was

examined by eye and it did not show a meniscus. Also, upon

drying the Stycast epoxy has a shiny black smooth surface.
The main equations of for heat flow are now

Qo = QSty + Q;7

st = (1/Gg;isyyAsisiy + 1/GsyAsty
+ 1/Gsy neAsiyme) " (T1 = T),

0) = (/GgA + UGsigAs) ™ (T] - Ty,

where Ag,y, and Ag; are, respectively, the cross-sectional sur-
face areas of the Stycast and the Si crystal.

The model calculations show that QstyEO.Z% of the input

heat Q,, in the whole temperature range of this experiment. A
heat leak through the Stycast bond is completely negligible.
This  outcome is not surprising since  GgyAsy
< GCuNi(d)ACuNi < GSi(d)ASi- We also note that ASty/ASi
~1.6% and Agy/Acuni = 12.5%.

Finally, we make three remarks. Firstly, our value of
G sty» Which is calculated using the AM theory, is in fact
overestimated. Studies of the Kapitza resistance between
solid/epoxy interfaces by Matsumoto et al.?® show that at T
>0.2 K, the epoxy acts as a “low pass filter” in a sense that
the epoxy reduces the transport of high frequency
(>10"" Hz) thermal phonons across the interface (see Fig. 2
in Ref. 29). The Kapitza resistance between solid/epoxy in-
terfaces turn out to be greater than the AM theory predictions
for 7>0.2 K. We also note that the thicknesses of the ep-
oxies examined in Ref. 29 are similar to that in present study.

Secondly, we estimate (Ggy cuni/Gsisy) =50, where
Ggiy,cuni 18 the conductance from the Stycast to the CuNi
tube wall. Heat is more easily transmitted from the Stycast
layer to the CuNi tube wall than it is carried along the Sty-
cast layer.

Thirdly, when considering heat loss the from the Si crystal
to the CuNi tube we supposed an ideal interface between the
CuNi tube and the Si crystal. As we have shown, the pres-
ence of the Stycast bond makes the CuNi/Si interface “less”
ideal and leads to an increase in the thermal resistance be-
tween the CuNi tube and the Si, compared to the estimated
ideal value. Our calculations of the heat losses to the CuNi
tube walls (in Sec. III B) therefore represent an upper limit.
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