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We investigate the heat transfer across a closing nanoscale gap between an operational micro-
electronic device and a static substrate in ambient conditions. The device contains an embedded
micro-heater and a nanoscale metal wire that works as a thermometer. The heater causes a
microscale protrusion by thermal expansion such that its surface approaches the substrate until
contact occurs. Meanwhile, the metal wire located near the center of the protrusion surface
measures the temperature of the protrusion, which is dependent on the size of the gap, the
substrate material and the ambient conditions. We study the nanoscale heat transfer using
three different substrates and find that their thermal conductivity plays an essential role. Fi-
nally, the experiments are conducted under different relative humidity (RH) conditions. The
results show that the ambient humidity can also affect the nanoscale heat transfer when RH >

75%.

Heat transfer between two bodies at different tempera-
tures is a broadly studied topic.1–6 As the microelectron-
ics industry pushes the physical size of elements in the
devices down to nanoscale dimensions, the nanoscale heat
transfer leads to mass transfer problem that affects the ef-
ficiency of the devices and introduces reliability issues.7,8

Therefore, understanding the nanoscale heat transfer and
its tunability becomes crucial.

In our previous studies, we have performed the
nanoscale heat transfer experiments between two bod-
ies across a closing gap with good agreement achieved
between the experiments and modelling based on van
der Waals (vdW) force driven phonon conduction
theory.5,9–13 In this paper, we focus on studying the
nanoscale heat transfer using different substrate mate-
rials and relative humidity (RH) conditions. To simplify
the participators that the nanoscale heat transfer is de-
pendent on, three substrates with various thermal prop-
erties (silicon/GaAs/glass wafers) are chosen instead of
the multilayered media that are broadly used in the in-
dustry. The experimental results show that the substrate
material and the ambient humidity can significantly af-
fect the nanoscale heat transfer.

In the experiments, we investigate the nanoscale heat
transfer across a closing initial nanoscale gap between
an operational microelectronic device and a substrate
in ambient conditions. This device is a perpendicular
magnetic recording (PMR) head that contains a well-
understood embedded micro-heater14 and a metal wire
with width around 100 nm, as shown in Fig. 1. In mag-
netic recording hard disk drives, the micro-heater is used
to adjust the spacing between the recording head and
a rotating disk. The nanoscale metal wire, also known
as embedded contact sensor (ECS), is located near the
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FIG. 1. A diagram of the perpendicular magnetic recording
(PMR) recording head showing (a) the under side of the air
bearing surface (ABS); (b) the simulated temperature field
at the device surface when the heater power is 80 mW and
the device-substrate gap is around 2 nm; (c) the AFM image
of the device surface where the metal wire (thermometer) is
located at the center and surrounded by metal shields and
other elements such as the writer and reader (Ni, Fe, Cu).

transducer elements and is typically used to detect head-
disk contact.15–17 In this study, the metal wire works
as a resistance based thermometer that has a constant
temperature coefficient of resistance (TCR) of 0.003/K,
which is determined by calibration experiments using a
4-probe measurement. In the experiments, the resistance
change of the metal wire is used to measure the temper-

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
0
1
0
2
8
6

This article may be downloaded for personal use only. Any other use requires prior permission of the author and AIP Publishing. This 
article appeared in Q. Cheng et al., Appl. Phys. Lett. 116, 213102 (2020) and may be found at https://doi.org/10.1063/5.0010286.



Cheng et al. 2

FIG. 2. A schematic diagram (not to scale) of the experimen-
tal setup. The curvature of the air-bearing surface is used to
adjust the initial spacing between the thermometer and the
substrate. Direct contact can also be realized.

ature rise due to the micro-heater by:

R(T ) = R(T0)(1 + α(T − T0)), (1)

where R(T ) and R(T0) are the resistances of the metal
wire at any temperature T and room temperature T0

and α is the TCR. The metal wire is biased using a small
enough DC voltage for its overall self-heating to be ig-
nored (∼ 0.1 ◦C rise). The resolution of the thermome-
ter is ∼ 0.1 ◦C, which is estimated from the resolution of
resistance measurement ∼ 0.02 Ω. Figs. 1(b) and 1(c)
show that the temperature field near the metal wire is
uniform since the micro-heater has a microscale heated
area. Thus, the metal wire can measure the tempera-
ture of the device surface accurately. Therefore, this de-
vice provides an excellent tool for conducting such exper-
iments as the nanoscale heat transfer between two bod-
ies. See the supplementary material, section S1, for the
calibration details of the thermometer.

The experimental setup is shown in Fig. 2. The ABS
of the device is loaded onto a substrate. The substrate
is fixed on a metal heat sink, so the bottom surface of
the substrate is kept at room temperature. Then the
heater heats the device and a microscale protrusion is
formed on its surface. Thus, the gap between the sur-
face of the device and the substrate decreases with the
heater power until they are in contact with each other.
Meanwhile, the thermometer located at the center of the
protrusion surface measures the protrusion temperature
as it approaches the substrate. Fig. 2 also shows that the
initial gap between the two bodies can be adjusted by the
movement of the substrate. For example, when the sub-
strate moves left, the friction between the crowned ABS
and the substrate forces the device to tilt and hence the
gap size is decreased. Even direct contact can be realized
as an initial condition.

Fig. 3 shows the measured temperature rise as a func-
tion of the heater power using three different substrates
(silicon/GaAs/glass wafers, surface roughness Sq ∼ 0.1
nm). The solid lines present the results of cases for which
the initial gap size is around 21.3 nm (from simulation as
shown in Fig. 4) while the dashed lines are the cases of di-
rect contact as the initial condition. The measured tem-
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FIG. 3. The temperature rise as a function of the heater
power in the case of an open gap or direct contact on sili-
con/GaAs/glass wafers under the condition of indoor humid-
ity around 35%.
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FIG. 4. The measured temperature rise and the simulated
gap size versus the heater power for the case of silicon wafer.

peratures firstly increase linearly with the heater power
where the air conduction across the gap dominates to
almost 2 nm. Then with the decrease of the spacing, en-
hanced phonon conduction heat transfer dominates and
causes a drop in the temperature. Finally the device
protrusion makes contact with the substrate and a much
smaller heating slope is observed due to contact heat con-
duction. Fig. 4 shows that the enhanced phonon conduc-
tion heat transfer begins to take effect when the spacing
is within around 2 nm, which is close to the prediction
of another approach using an atomic formalism.18 The
detailed description of the simulation model used to de-
termine the temperature and spacing fields in Figs. 1(b)
and 4 can be found in Ref. 12.
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Comparing the cases of 21.3 nm initial gap (solid lines)
and the cases of initial direct contact (dashed lines), we
see that the contact parts of the curves with 21.3 nm
gap overlap with the dashed lines. Comparing among
the three substrate materials, we find that the material
thermal conductivity plays an important role. The ther-
mal conductivities of the substrates are listed in Table
I. During the first linear part of each curve, the glass
curve has the largest heating slope because the glass has
the smallest thermal conductivity (1.3 W/mK) and hence
the glass substrate undergoes a higher temperature rise
compared to silicon and GaAs substrates (148 W/mK
and 56 W/mK). See the supplementary material, section
S2, for the simulation results of substrate temperature
rise. After contact occurs, the slope is determined by
the thermal conductivity of the substrate. The heating
slope becomes smaller since the contact heat conduction
becomes stronger when using a better thermal conduc-
tor such as silicon. Therefore, the temperature drop is
essentially dependent on the material thermal conductiv-
ity. The steepness of the drop depends on the vdW forces
and the heat transfer coefficient of the phonon conduc-
tion across the gap. The vdW force between the device
surface and the substrate causes a steeper drop in the
curve of the temperature rise versus the heater power, as
demonstrated in Ref. 12. The heat transfer coefficient
affects the heater power required to fill the last 2 nm of
the gap until contact.

TABLE I. Thermal conductivity of the substrates

Substrate Thermal conductivity (W/mK)
Silicon 148
GaAs 56
Glass 1.3

Next we study the effect of the RH conditions on the
nanoscale heat transfer. The humidity is controlled as
shown in Fig. 5. The entire experimental setup is put
into a sealed chamber with a dry air inlet and a vacuum
pump, which are used to achieve low humidity condi-
tions. For higher RH, different types of saturated salt
solutions (NaCl, KNO3, K2SO4, etc.) or pure water are
put into the chamber to keep the relative humidity at dif-
ferent values.19 The experiments are conducted after the
humidity reaches equilibrium in the chamber (∼ 10 h).
We note that the pressure inside the chamber is always
1 atm.

Fig. 6 shows the results of the humidity experiments
using a silicon substrate. The case of direct contact on
silicon which is independent of humidity is also added
in Fig. 6 for comparison. Fig. 6 shows no change in the
measurement when RH ≤ 75%. When the RH > 75% ,
the curves of the temperature rise versus the heater power
show a smaller temperature rise and a more gradual tem-
perature drop. The last linear parts of all curves, namely
the contact parts, also overlap with the black dashed line,
which is measured for the case of direct contact. Thus

FIG. 5. A diagram showing how the humidity in the sealed
chamber is controlled.

we have shown that the nanoscale heat transfer depends
on the ambient humidity for RH > 75%.
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FIG. 6. The temperature rise as a function of the heater power
under different RH conditions with the substrate of silicon.

Fig. 6 shows that the nanoscale heat transfer is en-
hanced when the humidity is beyond 75%. One of the
potential explanations is that a thin water layer is formed
under high humidity conditions.20 The water layer re-
duces the spacing between the device protrusion and the
substrate and absorbs a portion of heat. A previous study
shows that the thickness of the absorbed water layer re-
mains smaller than 1 nm when RH is low and increases
to 3 nm under high RH.21 The trend matches the re-
sults in Fig. 6 in that the water layer takes effect when
its thickness is comparable to the spacing, namely un-
der high humidity conditions. See the supplementary
material, section S3, for the transient measurement of
the temperature rise when the heater power is 70 mW.
At this power, the gap size is a little larger than 2 nm
(Fig. 4), but the transient plot of 100% RH shows that
the water layer fills the gap and the heater is heating
the layer continuously, resulting in the lower temperature
at the thermometer. Therefore, the interaction between
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the water layer and the spacing accounts for the smaller
temperature rise when the RH increases. The more grad-
ual temperature drop can also be explained by the water
layer because the water layer has a larger heat capacity
and hence acts as a buffer.

In conclusion, the nanoscale heat transfer experiments
between two bodies at different temperatures are con-
ducted using different substrates or under different RH
conditions. The results show that the nanoscale heat
transfer becomes stronger when a substrate material with
larger thermal conductivity is used or when the humid-
ity is higher than 75%. Therefore, the substrate material
and the ambient humidity are both important partici-
pators for studying the nanoscale heat transfer across a
closing gap, which in turn can be used to modulate the
nanoscale heat transfer.

See the supplementary material S1 for the calibration
details of the thermometer, S2 for the simulation results
of the substrate temperature rise, and S3 for the transient
measurement in the humidity experiments.

The data that support the findings of this study are
available from the corresponding author upon reasonable
request. The work was supported by the Computer Me-
chanics Laboratory at University of California at Berke-
ley. We thank Western Digital Corporation for supplying
the components.
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