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A B S T R A C T

Single-crystal copper films on sapphire have recently been reported upon in relation to graphene growth on these
films. In the present paper the kinetics of the formation of single crystal copper films is investigated. We de-
monstrate the importance of heating the sapphire substrate in 1000 hPa oxygen, followed by a fast cooling prior
to depositing the copper film. The importance of this treatment is tentatively explained by the dissolution of
oxygen in sapphire and subsequent out-diffusion during recrystallization of the copper film to form a copper-
oxide interface layer. Also, the importance of avoiding oxygen incorporation in the sputter deposited film is
demonstrated.

1. Introduction

Sputter deposited copper thin films on amorphous substrates usually
consist of equiaxed grains with grain width equal to the film thickness.
The 111 crystal planes of the copper film are parallel to the surface [1].
On amorphous substrates no in-plane orientation of the grains exists. In
X-ray diffraction (XRD) this shows up as a ring in the 111-pole figure
plus a peak in the center. Sputter deposited copper films on single-
crystal sapphire however, exhibits local epitaxy, as evidenced by 6
maxima in the 111-pole figure instead of a ring. The 6 maxima stem
from two domains in the copper each giving rise to 3 maxima. Between
the two domains a twin relation exists. Recently it has been reported
that a copper films on sapphire can be transformed into a single-crystal
films, as evidenced by 3 maxima in the 111-pole figure [2-5].

Copper on sapphire has a rich history in surface-science. The for-
mation of the first few layers has been investigated thoroughly. See, e.g.
Fu et al. [6] and references therein.

In literature two orientation relations between sapphire and copper
are mentioned [7]. These relations are between families of directions:
< > < >110 and 1010Cu Al O2 3 . Here we choose to present the orientation
relations between directions in the sapphire and the copper to em-
phasize the options for twins.

− ≡ ∧
− ≡ ∧

OR I (111) (0001) [1̄10] [1̄010]
OR II (111) (0001) [1̄10] [21̄1̄0]

Cu Al O Cu Al O

Cu Al O Cu Al O

2 3 2 3

2 3 2 3

(0001) sapphire has a six-fold symmetry, while (111) copper has a
threefold symmetry. This results for each of the two orientation rela-
tions in a physical equivalent orientation relation which has a twin
relation to the above-mentioned orientation relations:

− ′ ≡ ∧
− ′ ≡ ∧

OR I (111) (0001) [1̄01] [1̄010]
OR II (111) (0001) [1̄01] [21̄1̄0]

Cu Al O Cu Al O

Cu Al O Cu Al O

2 3 2 3

2 3 2 3

In all our experiments we observe OR-I and OR-I’ with sometimes a
minute fraction OR-II and OR-II’. The two OR-types differ slightly in the
misfit between the copper and sapphire, albeit that in OR-I the distance
between the Cu-atoms is about equal to the distance between Al-atoms,
while in OR-II the distance between the Al-atoms is about twice the
distance between the Cu-atoms. The distance between two Cu-atoms
along < >110 is 0.2556 nm. The distance between two Al-atoms along
< >1010 = 0.2748 nm. The misfit in OR-I is 7%, with the distance
between the Cu-atoms being smaller than the distance between the Al-
atoms. In OR-II we need to compare twice the distance between two Cu-
atoms along < >110 , i.e. 0.5112 nm with the distance between two Al-
atoms along < >2110 , i.e 0.4759 nm. In this case the distance between
the Cu-atoms is 7% larger than the distance between the Al-atoms.

The present paper deals with the formation of 0.7 µm thick single-
crystal copper films on sapphire. Miller et al. [2], Verguts et al. [3],
Deng et al. [4] and Huet and Raskin [5] have reported on these films
earlier. In refs [2,4,5] the importance of an oxygen pre-treatment of the
sapphire is shown. Verguts et al. [3] achieve single crystal films by
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hydroxylation of the substrate. Miller et al. [2] have shown the im-
portance of temperature control during sputter deposition of the copper
film.

We looked at the pre-treatment of the substrate in detail. We discuss
that it is not only the high temperature but also the oxygen pressure and
the cooling rate that are important for the achievement of single-crystal
films. We explain the importance of temperature control during sputter
deposition from the incorporation of oxygen in the film. Finally, we
report on the kinetics of the formation of a single crystal copper film.

The copper films, discussed in the present paper, are deposited by
sputter-deposition on a sapphire substrate that has undergone a heat
pre-treatment in oxygen. The deposited copper films demonstrate local
epitaxy, showing both OR-I and OR-I’ (6 maxima in the 111 pole-figure,
plus one in the center). Heating the sample in an argon-hydrogen at-
mosphere results in growth of one of the two domains at the expense of
the other, resulting in a single crystal copper film (3 maxima in the 111
pole-figure, plus one in the center).

2. Experimental

2.1. Substrate pre-treatment

Single crystal α-Al2 O3 (0001) plates (10 mm x 10 mm x 0.5 mm,
polished on one side, with a deliberate miscut of 0.5°) were used as
substrates. (AdValue Technology, USA). The substrates received a
number of distinct heat pre-treatments before deposition of the copper
film.

A: Heating 24 h at 1027 °C in 1.4 10−2 Pa oxygen, with fast cooling.
B: Heating 24 h at 1027 °C in 800 hPa oxygen, with fast cooling.
C: Heating 24 h at 1027 °C in 800 hPa oxygen, with slow cooling.
D: Heating 2 h at 1027 °C in 1000 hPa oxygen, with fast cooling.
E: Heating 24 h at 1027 °C in 1.4 10−2 Pa oxygen, with fast cooling,

followed by a moderate heating (120 °C) under vacuum in the
sputter deposition system and subsequent exposure to water vapor
in the load lock of the sputter deposition system.

The heat treatment prior to deposition of the copper is done in the
same custom-built system as used for the recrystallization. The system
consists of a quartz vacuum tube closed on one side and pumped on the
other side. The base pressure of the system is 2 10−5 Pa. A tube furnace
can slide over the quartz tube allowing for fast heating and cooling.
Low pressure annealing was performed by admitting oxygen through a
needle valve while pumping on the system by a turbo pump. Annealing
at 800 hPa was performed by backfilling the system with oxygen to a
pressure of 600 hPa and then sliding the furnace over the quartz tube,
leading to an increase in pressure by thermal expansion of the gas.
Annealing at 1000 Pa was performed by introducing 500 sccm oxygen
through a mass flow controller and keeping the pressure in the system
20 hPa above atmospheric pressure by a needle valve between the
system and the exhaust.

2.2. Sputter deposition

Samples were transported through air from the pre-treatment set-up
to the sputter deposition system. Copper films of 0.7 µm thickness were
deposited in a direct current sputter deposition system (AJA, USA) in an
argon atmosphere at a pressure of 0.95 Pa. The treated sapphire sub-
strates are placed on a heated rotating substrate table. The deposition
rate is 0.2 nm/s. The background pressure in the system is 2 10−5 Pa.
The substrate table is heated by two lamps placed below the table. The
power to the lamps is controlled by a thermocouple placed in between
the lamps and the table. Since the thermal time constant of the ther-
mocouple is much shorter than the thermal time constant of the sub-
strate table the temperature of the table varies over the duration of the
deposition. A deposition run is started by setting the temperature to

200 °C. In about five minutes the temperature reading on the thermo-
couple will overshoot over 200 °C. At that time the set temperature is
reduced to the desired temperature. Once the temperature on the
control thermocouple has reached that temperature the deposition is
started. In Fig. 1 we show temperature measurements of the substrate
table by a thermocouple clamped to the substrate table done in a se-
parate experiment at the same argon pressure as used during deposition
but without table rotation and without plasma. In the results section we
will refer to the set temperatures. In Table 1 we show the average
substrate table temperature during the deposition time as function of
the set temperature.

2.3. Recrystallization

By heating the samples in an argon hydrogen atmosphere one of the
two domains increases at the expense of the other. Recrystallization
experiments were done in an argon hydrogen mixture at 1000 hPa.
Flows of 300 sccm of argon and hydrogen were admitted by mass flow
controller. Pressure was kept 20 hPa above atmospheric pressure by a
needle valve between the system and the exhaust. Recrystallization
experiments were done for 0.5 h, 1 h, and 2 h. at T=1027 °C. We also
did 1 h recrystallization experiments at various temperatures.

2.4. Characterization techniques

In order to characterize the films, we used optical microscopy for
the appearance of the film: Leica DML. We made use of optical inter-
ference microscopy, a technique that is sensitive to height differences
and allows to overview large areas before taking an image. For larger
magnifications we applied Scanning Electron Microscopy (SEM): Jeol

Fig. 1.. Temperature of the substrate table during deposition of copper films for
various set temperatures. The lines are fits to the datapoints of the function:

= + − −T m m (1 exp( m t))1 2 3 , following from a simple heat flow model.

Table 1.
The average temperature of the substrate table
during the time of a deposition for the used set-
temperatures.

Tset (°C) Taverage (°C)

40 82
60 102
80 121
100 131
120 147
140 157
200 195

G.C.A.M. Janssen, et al. Thin Solid Films 709 (2020) 138137

2



JSM-6010LA at 5kV. A third microscopic technique that we used was
Atomic Force Microscopy (AFM): Oxford Instruments Cypher S in tap-
ping mode. This technique has a very high sensitivity for height dif-
ferences, but does not allow to overview large areas before taking an
image.

For the crystal structure of the film we used X-ray diffraction, most
notably to determine the fractions of the various crystallites in the film
and the orientation relation with the sapphire substrate: Bruker D8
Discover with Eulerian cradle, goniometer radius 300mm, X-ray tube
Co Kα, wavelength 0.17903 nm, 45kV, 25 mA, beam size 1 × 1 mm2,
divergence 0.25°. Diffracted beam side: Parallel sollerslit, divergence
0.35°, graphite monochromator, scintillation detector. The pole figures
were obtained by fixing −θ θ2 to the Cu 111 refraction. The rotational
angle, phi is scanned from 0 to 360° in steps of 1°. The tilt angle psi is
scanned from 65–75° in steps of 1°. Electron Backscatter Diffraction
(EBSD) was used to map out the various crystal orientations in the as
deposited film: Jeol JSM 6500F hot field emission gun, Oxford-HKL
Nordlys II detector with Channel 5 post processing software.

3. Results

3.1. Sputter deposition

In Fig. 2a–c we present optical micrographs (Leica DML) of copper
thin films deposited at Tset is 40 °C, 80 °C and 140 °C on sapphire
pretreated in low pressure oxygen (treatment A), after recrystallization
annealing at 1027 °C for 1 h in 1000 hPa argon-hydrogen. In the film
deposited at 40 °C deep grooves extending all the way to the substrate
have formed. In films deposited at Tset is 60 °C, 80 °C and 100 °C the
grooves are much less pronounced, but also small, mostly triangular
features are observed, black under the interference microscope. These
features are identified as non-recrystallized parts of the film. In Fig. 3
we present a SEM micrograph of one of these triangular areas in the
film deposited at 80 °C (Jeol JSM-6010LA). The film deposited at
Tset = 140 °C does not show any non-recrystallized parts. The only
defects visible under the optical microscope are shallow grain bound-
aries. The shape of the grooves is a testimony to the hexagonal structure
of the sapphire (0001) substrate.

Films deposited at 200 °C show slightly deeper grooves after re-
crystallization than the films deposited at 140 °C.

In order to quantify the non-recrystallized fraction of the copper
film we wrote a computer code to measure the area of the black features
for 15 optical micrographs per sample. In Fig. 4 we present the frac-
tional non-recrystallized area as function of the average temperature
during deposition of the copper film. It is observed that for higher
temperatures a lower fraction of non-recrystallized film is obtained.

In Fig. 5 we present EBSD measurements on a film deposited at
140 °C on a substrate pretreated in high-pressure oxygen (treatment D)
without any further treatment (SEM: Jeol JSM 6500F hot Field Emis-
sion Gun, EBSD: Oxford-HKL Nordlys II detector with Channel 5 post

processing software). The red and blue areas represent the two domains
of the copper film. Both domains have the 111 planes parallel to the
surface and exhibit local epitaxy to the sapphire (OR-I and OR-I’). For
the sample presented in Fig. 5 we present the XRD 111 pole figure in
Fig. 6a (Bruker D8 Discover with parallel beam geometry, height 1mm,
width 1 mm, Co Kα, 45 kV, 25 mA). The six maxima in Fig. 6(a) in-
dicate two domains in the film with local epitaxy to the sapphire. From
the data underlying the XRD 111 pole figure, presented in Fig. 6a it is
seen that on this sample the two fractions are not equal, the distribution
OR I/ORI’ is 55/45.

Fig. 2.. Optical micrographs of 0.7 µm thick copper films deposited on sapphire at Tset = 40 °C (a), 80°C(b) and 140 °C (c), after subsequent annealing for 1h at
1027 °C in a flowing argon hydrogen mixture of 300 sccm Ar/ 300 sccmH2 at 1000 hPa.

Fig. 3... SEM micrograph of non-recrystallized area in the sample deposited at
Tset = 80 °C.

Fig. 4. Fractional area of non-recrystallized film as function of the average
temperature during deposition.
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3.2. Recrystallization

We have studied the dependence of recrystallization on the pre-
treatment of the sapphire for films deposited at Tset = 140 °C. For films
with pre-treatment B and D single-crystal copper was realized by an-
nealing for 1 h in 1000 hPa argon-hydrogen at 1027 °C, as witnessed by
the 111 pole-figure in Fig. 6b. The three maxima in Fig. 6(b) indicate a
single-crystal film. For the films deposited on substrates with pre-
treatment A, C, and E no single crystal copper was achieved.

For Cu films deposited at 140 °C on sapphire with pretreatment D
(high pressure, fast cooling) we studied the recrystallization in detail. In
Fig. 7 we present the recrystallized fraction as function of the annealing
temperature for an annealing time of 1 h. The recrystallized fraction is
defined as the sum of the intensities of the three peaks pertaining to the
dominant domain divided by sum of all six peaks. The recrystallized
fraction runs from ½ (no preferential orientation) to 1 (single-crystal).
For temperatures up to 500 °C the recrystallized fraction increases
steadily with annealing temperature. Between 550 °C and 650°C the
recrystallized fraction increases rapidly but not perfectly reproducible.
Above 650° the last part of the film recrystallizes to reach almost
complete recrystallization at 1027 °C.

In Fig. 8 we present an AFM image of a 0.7 µm thick copper film on
sapphire (treatment D), deposited at Tset = 140 °C after annealing at

1027 °C for 1 h. The three sets of lines, visible in the picture, making
angles of 60° with each other are steps of 0.5 to 1.0 nm high. These
steps are due to dislocations, caused by the misfit of the copper on the
sapphire.

In Fig. 9 we present optical micrographs of 0.7 µm copper films on
sapphire (treatment D), deposited at Tset = 140 °C after annealing at
1027 °C for 30 min(9a), 1 h (9b) and 2 h (9c). The recrystallization after
30 min is 96%, after 1 h it is 99%. The recrystallization deteriorates
thereafter. After 2 h the recrystallization is only 59%. The roughness
increases continuously with time. In Fig. 9a we needed a defect to show
the microscope was in focus. In Fig. 9b we see some indication of
grooves forming, In Fig. 9c the grooves are abundant.

4. Discussion

4.1. Substrate preparation

The achievement of single crystal copper depends critically on
substrate preparation. Traditionally, annealing of sapphire in an oxygen

Fig. 5.. EBSD measurement of a film deposited at Tset =140 °C. The red and
blue areas are the two orientations (OR-I and OR-I’) in the copper film, between
which a twin relation exists.

Fig. 6. 111 pole-figure of the as deposited copper film (a) and of a copper film recrystallized at 1027 °C for 1 h (b). The sapphire was pretreated for 2 h in atmospheric
pressure oxygen and fast cooled. The copper film was deposited at Tset = 140 °C.

Fig. 7.. Fraction recrystallized, a, as function of the temperature of annealing
for 1h. By annealing at temperatures 200 °C to 500 °C the fraction increases
steadily from 55% to 65%. At a temperature between 550 °C and 650 °C a fast
increase is observed. From 700 °C to 1027 °C the increase is moderate.
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atmosphere has been done to make sure that the sapphire is oxygen
terminated. Here we claim that it is not only the surface termination,
but also the dissolution of some oxygen in the sapphire that is important
for the achievement of single crystal copper films, see the section on
recrystallization below. In order to get some oxygen dissolved in the
sapphire sample it must be heated in “high pressure” oxygen to have
enough driving force for dissolution. Secondly in order not to lose the
oxygen during cooling of the samples we need “fast” cooling in order to
kinetically prevent the out-diffusion of oxygen. We argue that the
procedures B and D lead to dissolved oxygen and the procedures A, C,
and E, do not. It is only with samples that have received either proce-
dure B or D that we achieved single crystal copper films. Procedure E
was intended to prepare the sapphire in a hydroxylated state. Both
Verguts et al. [3] for experiments comparable to ours as well as Fu et al.
[6] for few atomic layer surface science experiments argue that hy-
droxylation is important. Verguts et al. reach this by boiling acid, while
Fu et al. reach this by exposing the sample in the load-lock to water
vapor. We were not successful in reaching single crystal copper by
procedure E. In fact, we obtained grains ranging from 50 to 200 micron
separated by deep grooves, suggesting that too much water was used,
leading to an oxygen contaminated copper film.

4.2. Sputter deposition

We explain the effect of substrate table temperature during sputter
deposition on film morphology after recrystallization on the amount of
oxygen incorporated in the growing film. The background pressure of 2
10−5 Pa consists almost completely on water. If the sticking coefficient
were one, we would get a monolayer of water every five seconds. This
combined with a growth rate of two monolayers of copper per second
would give an oxygen contamination of 10%. In reality the sticking may
be less, but it is possible to incorporate appreciable amounts of oxygen
in the copper film. The amount of water, σ, on a clean surface is pro-
portional to the fraction of water molecules that have insufficient en-
ergy to escape from the surface (modified after de Boer [8]):

=σ C e
Q
kT (1)

with Q the desorption energy of a water molecule. The temperature
dependent coverage with water of a clean copper surface is described
by Eq. (1), with Q=0.58 eV [9]

Deposition at elevated temperature will decrease the amount of
oxygen incorporated in the growing film and thereby the amount of
non-recrystallized film after annealing (Fig. 4). We do not obtain a
dependence as straightforward as Eq. (1) (Fig. 4). As an explanation we

Fig. 8.. AFM image (10 µm x 10 µm) of a copper film on sapphire after 1 h annealing at 1027 °C. The regular line patterns are steps of 0.5 to 1.0 nm due to
dislocations, caused by the misfit between the copper and the sapphire.

Fig. 9. a, b, c: Copper films on sapphire after annealing at 1027 °C for 30 min, 1 h and 2 h. The fraction recrystallized material first goes up 96%, 99% and then goes
down: 59%. The roughness goes up monotonously with time at elevated temperature.
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suggest that the adsorption kinetics may saturate at a coverage of one
monolayer or even a fraction thereof for low temperatures, and the
adsorption kinetics on a growing film may differ from the adsorption
kinetics on a clean surface.

Heating of the substrate, however, has the same effect on the
growing film as heating the windshield in your car has on the amount of
water on the windshield. By heating the windshield you do not diminish
the amount of water in your car, but it will no longer sit on the
windshield. The same happens for the growing copper film.

We argue that during recrystallization the oxygen in the film is not
incorporated in the growing domain, but is pushed forward, until the
local concentration of oxygen becomes so high that the recrystallization
stops. Therefore, we argue that the amount of oxygen in the film is
proportional to the non-recrystallized fraction of the surface. In Fig. 4
we presented the fraction of non-crystallized film as function of the
average temperature during deposition. At T= 102 °C and T = 121 °C
the fractional non-recrystallized area is equal. Tentatively this may
have to do with a change in adsorption once a certain coverage is
reached.

4.3. Recrystallization

In Fig. 7 the recrystallization is presented for annealing for 1 h as
function of the annealing temperature. We define the fraction re-
crystallized (a) as the sum of the intensities of the three X-ray texture
peaks associated with the dominant domain divided by the sum of the
intensities of all six peaks. In order to model the recrystallization and to
extract an activation energy for the rate limiting process we need to
make an assumption on the rate of a as function of a. We make the first
order assumption that the rate of recrystallization is proportional to the
non-recrystallized fraction. Moreover, we assume that the re-
crystallization is thermally activated.

= −
−da

dt
C e a(1 )kT

Q

(2)

Rearranging and integrating:

∫ ∫− ′
′ = ′

−

a
da C e dt1

1

a t

1/2 0

kT
Q

(3)

⎛
⎝

⎞
⎠

− − =
−

a C t eln 1
2

ln(1 ) kT
Q

(4)

Taking another logarithm:

⎛
⎝

⎛
⎝

⎞
⎠

− − ⎞
⎠

= + + −a C t
kT

ln ln 1
2

ln(1 ) ln( ) ln( ) Q
(5)

By plotting − − aln(ln( ) ln(1 ))1
2 as a function of 1/T we obtain Q

from the slope of the curve. In Fig. 10 the data are presented according
to this recipe. A straight line is fitted to the five data points from 200 °C
to 500 °C. an activation energy of 0.13 eV is obtained. We argue that the
0.13 eV we have obtained is the activation energy for grain boundary
movement, more precisely the hindering of grain boundary movement
in the copper by the sapphire.

We explain the acceleration of recrystallization above 550 °C from
the formation of a CuO interface layer formed by oxidizing the first few
monolayers of copper near the sapphire by oxygen out-diffusing from
the sapphire. This CuO interface layer was observed by Deng et al. [4].
Combining the observation that only substrate pretreatment in high
temperature oxygen, followed by fast cooling leads to single-crystal
copper films, with the observation by Deng et al. of a CuO interface
layer and the acceleration of the recrystallization above 550 °C, while
knowing that oxygen is avoided during processing except in the sub-
strate pretreatment, leads us tentatively to conclude that some oxygen
must be dissolved in the sapphire. This small amount of oxygen is
crucial in obtaining single-crystal copper films, since during the for-
mation of the CuO interface layer the grain boundaries in the copper are

no longer pinned. The oxygen of the CuO layer observed by Deng et al.
[4] has to come with the substrate. It is difficult to find another way to
bring the oxygen along other than by dissolution.

In Fig. 9c it is shown that prolonged annealing of the copper film on
sapphire leads to poly-crystallization. We offer no detailed explanation
for this effect. We assume that poly-crystallization allows for annihi-
lation of some of the dislocations responsible for the steps shown in
Fig. 8, with a favorable energy trade-off.

5. Conclusions

Single crystal copper films on sapphire have been reproducibly
obtained. Two steps turned out to be critically important: First, a high
temperature, high pressure oxygen treatment of the substrates, followed
by a fast cooling. This step is tentatively explained to be responsible for
dissolving a small amount of oxygen in the sapphire. During re-
crystallization of the copper film the oxygen diffuses out of the sapphire
to form a copper-oxide interface layer. Second, avoiding oxygen con-
tamination of the copper film.
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