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Abstract

Nanocalorimetry operates on similar principles as conventional differential thermal analysis, but the thinness of the system provides a mass
addenda small enough to observe thermal processes in thin films or at surface, involving energies in the order of the nanojoules. The fabrication
procedure of nanocalorimeters used to measure the heat released by damage after low-energy (30 keV) ion implantation in polycrystalline
silicon (poly-Si) is described. Nanocalorimeters are fabricated from low-stress Si3Nx membranes (100 nm) on which a Pt strip (25 nm) is
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deposited which serves both as a heater and thermometer. Using Pt allows us to carry out the metallization step prior to Si a
chemical etching releasing the rectangular Si3Nx membrane, so the success yield nearly reaches 100%. A 140 nm Si layer is depos
the nanocalorimeters. Large-grain (∼75 nm) poly-Si is obtained by annealing at 900◦C for 100 s. The calculation method used to obtain h
rate curves is described, including the corrections necessary to take into account the dissimilarity between sample and reference c
(baseline), and the increased heating rate and associated losses. Examples of heat release after 30 keV Si implantations are prese
that the total amount of heat release is characterized by a saturation above a fluence of 1 Si−/nm2. The similarity observed in the sign
shape between low and high fluence measurements also suggests that each impacting ion produces a high damage zone similar t
generated by high fluence irradiation. This conclusion is compatible with the annealing of damage zones proposed by molecula
studies. It is also shown that the measured signal is not affected significantly by temperature non-uniformity.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Ion implantation produces considerable lattice damage
due to the energetic collisions of ions with lattice atoms.
In monocrystalline silicon, defect complexes stable at room
temperature (RT) dissociate upon annealing, releasing inter-
stitials and vacancies. Most of them will eventually recom-
bine quickly until only interstitials remain in the sample, their
amount being roughly equal to the number of implanted ions.
These excess interstitials drive several phenomena such as
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the transient enhanced diffusion (TED)[1] namely through
{3 1 1} rod-like defect coarsening[2,3]. Since the TED en
hancement and duration depend on the thermal stabili
defects storing the interstitials, it is fundamental to cha
terize their thermal evolution. While there are detailed ex
imental and theoretical studies on extended defects[4], the
cluster phase evolution of defect below 680◦C still requires
experimental data to compare to proposed models. Spe
metric methods[5,6] will only be able to probe certain type
of electrically active defects, while ion implantation gen
ates complex defect structures that may not be observab
such techniques.

A different approach to the problem is to use calorim
ric methods to look at damage annealing from the ther
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point view, i.e. to measure the amount of heat required or
given off by such process. These techniques provide in-
formation on energy activation and heat exchange during
all thermal processes occurring in a sample. In the last
decade, researchers have used conventional differential scan-
ning calorimeter (DSC) to investigate high-energy proton ir-
radiated in silicon[7] and self-implanted amorphous silicon
(a-Si) relaxation[8,9]. However, this technique is not sensi-
tive enough to look at the annealing of low-energy (<100 keV)
implanted defects, since the power required to heat the calori-
metric cell itself is orders of magnitude larger than the power
released by the defects. The signal would thus be lost in the
addenda.

The advances in micro-electromechanical systems fabri-
cation techniques, using silicon nitride membranes makes
possible the fabrication of calorimetric devices with low ther-
mal mass[10] that combine the four components found in
calorimetry in a single multilayer thin film system, namely:
the sample, a sample holder, a thermometer and a heater. This
technique allowed us to measure in situ the heat released by
damage annealing following low-energy (≤30 keV) ion im-
plantation in polycrystalline silicon (poly-Si). In this paper,
we report our nanocalorimeter fabrication procedure, and a
summary of the calculation steps and corrections required by
the data analysis. The issue of temperature non-uniformity
across the deposited sample is also addressed.
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Fig. 2. (a) Metallization mask: metallic strip width is 0.5 mm and (b) etching
mask: white parts are the exposed surfaces. The small square in upper right
corner is a marker for alignment using the infrared camera.

coated at 2800 rpm during 35 s and soft-baked at 140◦C for
3 min. The second one (Olin Microelectronic Materials HPR-
504) is spin-coated at 3000 rpm, followed by a soft-bake at
130◦C for 60 s. Using LOR-5A in combination with a con-
ventional positive resists such as HPR-504 allows us to con-
trol the amount and rate of undercut[11], making the lift-off
operation easier after metal deposition. After an exposition
of the wafer to UV-light for 25 s (140 mJ/cm2) using the met-
allization mask (Fig. 2a), we develop the second photoresist
for 35 s and then the first one for 45 s in the same developer
(Fig. 1b).

In the next step, a 3 nm titanium adhesion layer is de-
posited by evaporation, followed by the deposition of 25 nm
of platinum by Ar sputtering (Fig. 1c). The choice of plat-
inum is based on the favorable qualities of this metal. It
does not oxidize; its resistance versus temperature is fairly
linear over a broad temperature range (100–1200 K); it is
a non-ferromagnetic metal; it is chemically strong enough
to withstand exposition to tetramethylammonium hydroxide
(TMAH) for a few hours.

Once the metal deposition step is finished, we perform
a lift-off by soaking the wafers in acetone for 10 min fol-
lowed by 1 min in the remover of the first photoresist. During
the lift-off, the wafer must be vertically tilted and a drop-
per is used to spray gently on the wafer. The solvent should
not be stirred too much in order to avoid that metal pieces
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. Nanocalorimeter device fabrication

The processing steps to prepare the nanocalorimete
epresented schematically inFig. 1. We start with a (1 0 0) or
nted silicon wafer, polished on both sides. A thin (100 n
igh density, low-stress silicon nitride layer (200 MPa
ile stress; refractive index 2.2) is deposited on both sid
he wafer by means of Si-rich low-pressure chemical v
eposition (LPCVD,Fig. 1a).

One side of the wafer is patterned using two different
tive photoresist. The first one (Microchem LOR-5A) is sp

ig. 1. Cross-section of the nanocalorimeter device at different ste
abrication.
tick back on the wafer, letting parts of the wafer unexpo
o acetone during the process. After the lift-off, the wa
re thoroughly cleaned with acetone to remove any rem

ng pieces of metal. This operation lasts the metalliza
tep for the front side (Fig. 1d). The backside is then
erned using only one photoresist (HPR-504) spin-coat
000 rpm for 35 s and soft-baked at 130◦C for 60 s. The etch

ng mask (Fig. 2b) is then aligned using alignment marks
ere patterned on the front side. For this purpose, we u

R camera on the backside, shining ordinary light from
etallization side (Fig. 2a). The backside is then expos
V-light (140 mJ/cm2) for 25 s. After a 35 s developme

he photoresist is hard-baked at 130◦C for 3 min to increas
dhesion and to make it harder for subsequent steps. T
osed silicon nitride is then removed by reactive ion etc
sing a plasma of SF6 (13 sccm) and He (7 sccm). The etch
ate is 100 nm/min with a uniformity of 5% and selectiv
f 0.8 to photoresist and 0.33 to silicon (Fig. 1e).
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The last step consists in etching anisotropically the sili-
con in areas where the Si3Nx masking layer is removed using
a TMAH solution (25%, w/w) at 90◦C, providing an etch-
ing rate of around 50�m/h (Fig. 1f). About 6–8 h are re-
quired to remove completely the silicon. The silicon nitride
membrane becomes a 7 mm× 2 mm window at the center
of 12.5 mm× 6 mm rectangular silicon frame. With these di-
mensions, we are able to fit eight devices per square inch.
This fabrication procedure allows us to reach a success yield
of nearly 100% compared to a method where the metalliza-
tion is carried out at the end, on free membranes, with, in our
case, a yield around 50%. It presents one drawback related
to the metal choice that is limited to platinum. This heavy
metal may for instance dominate the signal when perform-
ing transmission electron microscopy (TEM) directly on the
nanocalorimeters.

At this point, we get virgin nanocalorimeters such as
those that have been developed by Allen and co-workers
to investigate the melting point depression in nanostructures
[10,12,13], and the glass transition in thin polymer films[14].
We now apply it to the damage annealing in implanted poly-Si
and the relaxation of self-implanted a-Si[15,16].

3. Sample deposition and principle of operation
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Fig. 3. Calorimeter view from: (a) the front side and (b) backside. The
140 nm of poly-Si is deposited on Si3Nx from the backside in line with the Pt
strip. The implantation is carried from the backside on one nanocalorimeter,
the other serving as a reference.

the results in the temperature range of the calibration without
extrapolation. The resistance is typically 70� and varies by
a maximum of 2� for a batch of nanocalorimeters fabricated
on the same wafer. Different batches, deposited at different
times, may vary by 10–20�.

The heat release measurements are then performed in dif-
ferential mode. Two almost identical nanocalorimeters, both
with a poly-Si layer deposited on their membrane and se-
lected on the basis of to theirR(T) calibration, are placed side
by side in the implantation chamber, one of them being im-
planted in order to induce damage while the other serves as
a reference and remains unimplanted (Fig. 3). A calorime-
try measurement is initiated by supplying a∼25 mA, 25 ms
current pulse to the Pt heater, thus raising the temperature of
the system by Joule heating. The currentI and voltageV are
monitored in real time during the pulse (using IoTech 488
analog–digital converters), so the heat supplied to the system
is directly obtained (P=VI). The temperature of the system
is determined by computing the resistance of the Pt heater
(R=V/I), and then using the calibration of the resistance as a
function of the temperature established beforehand.

4. Data analysis
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For our implantation experiments, a 140 nm a-Si lay
eposited by sputtering in an Ar environment, on the o
ite side of the membrane using a shadow mask (Fig.
ts width is effectively 650�m, that is, it exceeds the hea
trip width by∼75�m from each side. The question of
xcess width of the Si layer with respect to the width of
t heater and corresponding temperature uniformity is
ressed in Section6. Its length extends past each con
oint (Fig. 2a). The membrane is thin enough to ensu
ood thermal conduction between the sample and the h
hile it isolates them electrically. For damage annealing
estigations in implanted poly-Si, the nanocalorimeters w
nnealed at 900◦C during 100 s in a N2 atmosphere to form
poly-Si layer with crystallites of∼75 nm.
Each nanocalorimetry experiment is preceded by th

esistance calibration. The nanocalorimeters are place
urnace under N2 atmosphere at 450◦C and the temperatu
s slowly decreased down to RT while recording the P
istanceR(T). The data are well modelled by the follow
xpression:

(T ) = R0(1 + βRT + γRT 2) + R1 (1)

hereT is the temperature expressed in◦C,R0 +R1 the re-
istance at 0◦C, andβR and γR the linear and quadrat
oefficients of the resistance temperature dependence
espectively, 3.9083× 10−3 K−1 and−5.8019× 10−7 K−2.
ef. [17] indicates that such a quadratic dependence is
p to 1000◦C, soR(T) could be extrapolated to carry o
easurements at higher temperatures. Here, we only p
,

t

Nanocalorimetry measurements are presented in ter
eat rate, that is, the amount of heat per unit degree gen
y damage annealing. In order to determine the heat
e use the method developed by Efremov et al. to calc

he heat capacity of a deposited layer[18]. Here, howeve
oth the implanted and reference nanocalorimeters have
i deposited on then, so heat capacity does not contr

o the net signal; only damage annealing does. This se
ummarises the calculation steps in order to explain
orrection.

Starting with two nominally identical nanocalorimete
he amount of heat per unit degrees transferred to a pr
ccurring on the implanted (imp) nanocalorimeter comp
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to the reference (ref) is given by:

q = (VI/ν)imp − (VI/ν)ref (2)

where ν is the heating rate (∼4× 104 K/s). The effects
of damage annealing, by releasing heat to the implanted
nanocalorimeter is to increase slightly its heating rate. A re-
leased heat thus corresponds to a negativeqvalue. The results
presented here show rates of heat released, thus−q.

By directly measuring differential voltage�V = Vimp −
Vref (using an Agilent 3458A analog–digital converter), sen-
sitivity can be drastically improved[19]. Eq.(2)can be rewrit-
ten:

q = (VI)imp

νref(νimp/νref)

[
1 − νimp

νref

(
1 − �V

Vimp

)
Iref

Iimp

]
(3)

In Eq. (3), the noisy component,νimp/νref, is isolated. This
noise can be significantly reduced using�Vand information
on the circuit providing the current pulse[18].

The end results also include a number of corrections. First,
in Eq. (3), the reference and sample calorimeters are sup-
posed identical. A slight difference always exists, and pre-
implantation measurements are carried out to estimate this
baseline:

q0 = (VI/ν)0imp − (VI/ν)0ref (4)
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Finally, the slight change in sample calorimeter heating rate
will also change the amount of thermal losses that it under-
goes during a scan compared to the baseline. The losses are
essentially radiative and increase asT4. While these losses
are small because of the high heating rate, they still need to
be considered at high temperatures. Using a procedure de-
scribed in Ref.[18], the power of heat lossesPHL(T) can be
estimated using baseline measurements at different heating
rates, and the associated correction becomes:

qHL = PHL(Timp)

(
1

νimp
− 1

ν0
imp

)
(8)

The heat flow with all the three corrections is:

q3(Timp) = q2(Timp) − qHL(Timp) (9)

The validity of this calculation method has been thoroughly
tested for several artificially generated signal shapes, con-
firming that it precisely gives back the actual amount of heat
released[20].

5. Implantation experiments

Low-energy 30 keV Si− implants were performed by ex-
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here 0 refers to baseline measurements. (This equatio
lso be rewritten in the same form as Eq.(3)). Subtractingq0

rom q obtained after an ion implantation experiment giv

1 = q(ti) − q0(ti) (5)

hereti is a discrete measurement time.
It is worth noting that as long as the reference is no

ered, this correction actually cancels out from Eq.(2) the
erm related to the reference. The role of the reference is
ssentially to match the sample calorimeter in order to
ide a�Vas small as possible, so it can be amplified. Its h
ng rate,νref is also important in Eq.(3), but does not chang
uring a series of measurements and can be averaged
rbitrarily large number of scans to improve its precision

Then, Eq.(5) is calculated at same time intervalsti rather
han at same temperatureT. This is required if one wants
se�V in the process. As heat released by damage slight
elerates implanted nanocalorimeter heating, this introd
n error in the calculation sinceTimp(ti) 	= T 0

imp(ti). While

0 is known only for temperaturesT 0
imp(ti) it can be evalu

ted at temperaturesTimp(ti) by carrying out the following
alculation:

0(Timp(ti)) = q0(T 0
imp(ti)) − ∂q0(T 0

imp)

∂Timp

∣∣∣∣∣
T=T 0

imp(ti)

× (Timp(ti) − T 0
imp(ti)) (6)

he heat rate then becomes:

2(Timp) = q1(Timp) − q0(Timp) (7)
racting negatively charged ions from a sputtering sourc
sed at the desired voltage, without net acceleration ins
andetron accelerator. The implantations were carried o
T, at fluences ranging from 0.001 to 8 Si−/nm2. According

o SRIM 2003 simulations[21], the projected range is 73 n
o ions could reach the Si3Nx membrane or the Pt heati
trip and are all stopped within the poly-Si layer. This is c
rmed by the fact that the calibrationR(T) is not altered b
he implantations, as it would be the case if the Pt str
mplanted.

Each implantation was followed by 10 nanocalorime
cans. During each scan, the nanocalorimeters heat up
00◦C, which should be sufficient to anneal any remain
efects. No measurable amount of heat was released

he first scan (Fig. 4), the signals of scans 2–10 falling b
xactly on the baseline obtained prior to implantations.

ig. 4. Rate of heat release during a series of 10 scans following a 3
i− implantation at a fluence 8 ions/nm2.
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6. Heat release and temperature uniformity

Fig. 5(a) shows the heat release rate as a function of tem-
perature after Si implantations at different fluences normal-
ized by the poly-Si width. The heat release shows a broad,
featureless temperature dependence. No peaks are observed
in the heat rate curves that can be related to isolated ki-
netic processes. This shape can rather be associated to a con-
tinuous spectrum of activation energies. The released heat
increases monotonically with fluences but not linearly. In
Fig. 6 , where the total heat release is computed by inte-
grating the area under each curve between 100 and 400◦C,
it is seen that the signal starts to saturate around a fluence
of 1 Si−/nm2, suggesting that if further transformations oc-
cur in the materials, it is not at the expense of more stored
energy.

One important aspect revealed by these measurements is
that the shape of the signal is similar from low to high flu-
ences. The signal similarity suggests that the annealing kinet-
ics of damage produced by sparse collision cascades results
in a heat release that is not different from that of highly dam-
aged Si. The signal similarity of damage annealing in poly-Si
can thus be described as a process internal to the damage zone
induced by each ion, as discussed in details in Ref.[15]. This
explanation complies with molecular dynamics simulations
[22,23]and other experiments[24] that show how the anneal-
i f the
d ncen-
t

s the
i nal.
A the
n ac-
t
s yer.

F ences
w
a peak
o

Fig. 6. Total heat release between 100 and 400◦C by implanted poly-Si as
a function of fluence.

Considering that the peak may be slightly broadened by
melting point depression effects[12], its width thus gives
an upper limit of about 5◦C at 240◦C on the tempera-
ture non-uniformity[25]. In these experiments, the poly-Si
layer was somewhat wider than the heating strip. In order
to calculate this influence, we carried out one-dimensional
(1D) finite differences simulations of our system, consid-
ering the cross-section of the heating strip and the mem-
brane. 1D simulations are acceptable in this case as the
length of the heating strip is 14 times longer than its width
[26]. Considering that the heat conductivity of poly-Si is
an order of magnitude lower than for monocrystalline Si
[27], these simulations indicate that the temperature uni-
formity is always better than 10%, that is, 6◦C at 100◦C,
and 28◦C at 300◦C. Still, in order to verify experimentally
how temperature uniformity did affect our signal, we car-
ried out measurements using an implantation slit of 200�m
in width, carefully aligned with the central axis of the heat-
ing strip. Temperature uniformity within this region should
be better than 3◦C at 300◦C. As material located outside
the region exposed through the slit remains unimplanted,
it will not contribute any net signal after baseline subtrac-
tion. The resulting curve is plotted inFig. 5(a) (dashed line).
It is seen that the signal is slightly higher at the end of
the initial rise. This is expected as the central region of
the heating strip has a slightly higher temperature than the
s per-
a ating
s n im-
p ni-
f d af-
t im-
p ating
s

oes
n m-
p ould
h . We
c ithout
s

ng of damage zones primarily depends on the details o
amage-crystal interface, rather than on the defect co

ration.
Finally, another issue that has to be addressed i

nfluence of the temperature uniformity on the sig
good indication of the temperature uniformity on

anocalorimeter membrane itself (without poly-Si) is
ually provided by the width of a melting peak.Fig. 5(b)
hows the melting peak obtained for a 20 nm Sn la

ig. 5. (a) Rate of heat release by poly-Si implanted at indicated flu
ithout slit (solid lines) and, for the highest fluence, through a 200�m slit
ligned to the center of the heating strip(dashed line) and (b) melting
f a 20 nm Sn layer.
ides[25], releasing heat earlier in the scan. Our tem
ture measurement, which is the average over the he
trip, thus underestimates the temperature of the regio
lanted with a slit. The ideal signal (with a perfectly u

orm temperature) should be closer to the one obtaine
er implantations without slits, as the temperature of the
lanted region is, on average, the temperature of the he
trip.

But most importantly, the curve obtained with slits d
ot differ significantly from the data obtained without i
lantation slit, neither reveals it any new feature that c
ave been washed out by temperature non-uniformity
an thus consider that the measurements carried out w
lits reflect the actual shape and intensity of the signal.
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7. Conclusion

In conclusion, we presented a reliable method for
nanocalorimetry device fabrication, in which Si3Nx win-
dows opening is carried out after metallization. We also
demonstrated our ability to use nanocalorimetry to investi-
gate the kinetics of damage annealing following low-energy
ion implantation. This requires the application of a calcu-
lation method that takes into accounts slight dissimilari-
ties between sample and reference nanocalorimeters, sample
nanocalorimeter increased heating rate due to damage heat
release, and associated increased heat losses. It is also shown
that the influence of the temperature non-uniformity on the
signal is relatively limited. The released heat measurements
reveal that the shape of the heat rate signal is similar over a
broad fluence range, strongly suggesting that the annealing
process can be described as a process internal to the damage
zone of each ion.
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