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Abstract

We have used silicon micromachining techniques to fabricate devices for measuring specific heat or other calorimetric signals from
microgram-quantity samples over a temperature range from 1.7 to at least 525 K in magnetic fields to date up to 8 T. The devices are based or
robust silicon-nitride membrane with thin film heaters and thermometers. Different types of thermometers are used for different purposes an
in different temperature ranges. These devices are particularly useful for thin film samples (typically 100-400 nm thick at present) depositec
directly onto the membrane through a Si micromachined evaporation mask. They have also been used for small bulk samples attached |
conducting grease, Ga or In, and for powder samples dissolved in a solvent and dropped onto devices. The measurement technique us
(relaxation method) is particularly suited to high field measurements because the thermal conductance can be measured once in zero field a
is field independent, while the time constant of the relaxation does not depend on thermometer calibration.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction The last 20 years have seen dramatic progress in mi-
crocalorimetry, driven primarily by adaptation of technolo-
In recent years, knowledge of the specific heat and ther- gies developed for the silicon integrated-circuit industry to
mal conductivity of small samples has become more impor- the design and fabrication of structures with very small length
tant because many materials of scientific and technologicalscales. Application of techniques ranging from deposition of
interest can be made only in small quantities. Materials such metallic and dielectric thin films, photolithographic pattern-
as cuprates, manganites and ruthenates discovered in théng, anisotropic and deep-trench etching of bulk silicon to
last three decades are difficult to synthesize in large, crys-e-beam lithography allow the fabrication of reasonably large
talline samples suitable for conventional calorimeters. There quantities of repeatable structures of smaller and smaller size
are also many materials of current technological and fun- with sensitive sensors. These small structures have corre-
damental interest that can only be made in thin film form. spondingly small heat capacities and thermal conductances,
These include multilayers, many amorphous materials andallowing fabrication of calorimeters with background heat
magnetic or superconducting systems showing finite size ef-capacity and thermal conductance small enough to measure
fects. The small mass of such samples typically results in athin films and other small samples.
small heat capacity that is difficult to separate from the back-  While included at the origin in the parent field of bolome-
ground signal of a calorimeter’s sample platform, heater and ters, microcalorimeters for measurements of small samples
thermometer. have emerged as a separate technique about 10 years ago. In
1994, our group first reported measurements of specific heat
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Fig. 1. A top-view of the microcalorimeter. The 10 murilO mm Si frame Si
supports a5 mnx 5 mm 2000A thick a-Si-N membrane. Atthe center of this
membrane, on the back-side, a 2.5 mr@A.5 mm metal film (not visible in Thin Film Ka—>
the photo) provides a high thermal conductivity area used to keep the sample, Sample
thin film heater and sample thermometers isothermal. The sample (also onthe A
back and not visible) covers this same 2.5 mr2.5 mm area (for films) or is (b) Ts
attached at the center. The Pt sample heater, and three sample thermometer
are visible in the sample area (Pt and two a-Nb-Si thermometers which
differin Rand hence useful measurementtemperature range due to geometry
difference in path width and length); matching thermometers are visible on
the Si frame area, which is thermally anchored to a copper block.
\ Si
groups for a wide range of applications in sensor technology, \ Thin Film / OO
surface science, biology and chemistry. A non-exhaustive (c) Sample Ty

list of applications includes thermal conductivity gauggs
biosensors for monitoring of glucose, urea and penicillin Fig. 2. Side-view schematics of the device with simple thermal models. (a)
[3], high-throughout thermodynamics measurements for pro- The microcalorimeter background measurement. (b) To measure the heat ca-

: : e pacity of a thin film samplegs, a film is deposited on the thermal conduction
teomics and drug screenlﬁq. A remarkable sensitivity has layer through a micromachined shadow mask. (c) For thermal conductivity

been achieved by Allen and co-workgs$who report detec- measurements a thin film is deposited on the entire block of the membrane,
tion of melting in island films of tin using high cooling rate  which puts an additional thermal conductacsn parallel withKa,.
differential scanning calorimeter based on Si-N membranes.
A microcalorimeter developed using poly-Si/Al thermopiles
sensors by Sarro et §6] is now commercially produced by  measured in sit{6] and films condensed on the membrane
Xensor Integratior{7]. These commercial microcalorime- from solvent droplet§17], as well as small bulk samples
ters, together with those produced by PTB Braunschweig, (m<1mg)[18-21]. The microcalorimeter is useful over a
have been studied by Winter anékhe in a recent papg8s]. large temperature range (1.7-525K) and in magnetic fields
Calorimeters made by Xensor have also been used by Schiclat least up to 8 T22]. The same type of device is also planned
and co-workers for ultra fast cooling scanning calorimetry of for measurements in pulsed high magnetic fields. Finally, the
polyethylene sampld9]. functionality of the microcalorimeter has been extended to
A top-view micrograph of a typical device prepared in thermal conductivity measuremen3] as a result of a nu-
our laboratory is shown ifrig. 1. The device consists of a merical heat flow analys{24]. Thermal conductivity of thin
~2000A thick, 5mmx 5mm, low-stress a-Si-N membrane films is still not widely available in spite of its importance
supported by a 10mm 10 mm crystalline silicon frame. for many applications. All these results demonstrate that our
This membrane forms a thermal weak link from a sample microcalorimeter is a remarkable platform for microthermal
deposited or attached to the central area of the membrane tanalysis of novel materials.
the silicon frame as shown iRig. 2. Thin film heaters and In this review, we first describe the fabrication and oper-
thermometers patterned on the central area of the membraneation of the microcalorimeter. Special attention was given
allow accurate measurement of the temperature of the samplén recent years to the analysis of heat transfer and back-
with respect to the silicon frame when known heating power ground contributions of our microcalorimeters. The results
is applied. Our microcalorimeters have been used for a greatof this analysis will be presented as well as the range of
variety of measurements, demonstrating a remarkable versasamples, which can be measured based on these small back-
tility. We have reported a large number of specific heat studies grounds. We then overview the specific heat and thermal
on thin films[10-15](m< 20 w.g) including films grown and  conductivity of the Si-N membrane which is the heart of the
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microcalorimeter. Finally, we present a measurement of mag-
netic multilayer thin films as an example and conclude with
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Construction of the microcalorimeters begins with a
double-side polished (DSP) 41 00) oriented Si wafer. A
silicon-dioxide layer is either grown from the wafer using
a wet oxidization process at 1000 (often called a ther- 0 50
mal oxide) or deposited by low-pressure chemical vapor
deposition (LPCVD) at 450C (commonly referred to as
low-temperature oxide, LTO). This underlayer reduces the Fig. 3. Example resistances of microcalorimeter thermometefE. ote
electrical capacitance between the leads on the Completedhat the a-Nb-Si values are plotted on a log scale (left axis), while the Pt
calorimeter, reducing the noise in the ac resistance measureYa/Ues are plotted on a linear scale.
ments of the calorimeter’s thermometers. The LTO can be
made thicker (1.5.m), but the thermal oxide is flatter and ~ Sistance as a function of temperature for the three thermome-
less porous (thicknesses are 4000_6°gpmﬁer the oxide ters. Note that each of the three thermometers on the mem-
is removed from the back of the wafer, we deposit the Si-N brane has a matched thermometer on the silicon frame. The
layer, which will form the membrane by LPCVD at 835 paired thermometers form two arms of a resistance bridge.
using ammonia (Ng) and dichlorosilane (SikCl,) reagent The final step in fabrication is the deposition of a
gases. The film coats the entire wafer surface, front and back.2.5 mmx 2.5 mm thermal conduction layer on the center of
The residual stress is related to the ratio of Sito N in the de- the membrane, which keeps the heater, thermometers and
posited film, and is controlled by adjusting the NHiH>Cl» sample isothermal. This layer is deposited on the back of
ratio in the furnace during deposition. This stress must be the membrane through a micromachined shadow mask held
low in order for the film to form a free-standing membrane Within 25um of the membrane. Nearly any good metal, such
after the Si substrate is removed from beneath it. Typical as Au, Ag, Cu or Al can be used as a conduction layer and
compositions for our films are approximately 50% Si and can be either evaporated or sputtered onto the membrane. This
50% N, which is silicon-rich compared to the stoichiometric allows some flexibility in the choice of material properties,
compound SiN4 [25,26]. The thickness of the Si-N films ~as well as stress levels in the membrane. This conduction
is measured with optical interferometry, and is typically be- layer in many cases is depositatter the deposition of a
tween 1800 and 2208. The uniformity in thickness across  thin film sample, since the Si-N membrane usually makes a

the surface of a single wafer is normally very good, with better (flatter and more chemically inert) substrate for sam-
deviationsgzo,&. ple growth than the metal conduction layer. Note that to en-

After the Si-N layer is deposited, a thin Cr adhesion layer sure isothermal conditions between the thermometer and the
and a 50@ thick Pt layer are sputtered into the front side sample and to keep the error in the measurement of the spe-
of the wafer. Typical base pressures for this deposition are cific heat below 2%, the thermal conduction layer generally
3 x 10~ Torr. This layer is photolithographically patterned has to be at least as thick as the Si-N membrane (typically
into bonding pads, leads, thermometers and a heater usin?000A). Because the geometry of the calorimeter is known
90°C aqua regia (HCI:HN@ 3:1) as an etchant. Use of DSP  or can be measured with high accuracy, we can construct a
wafers allows the use of infra-red back-side alignment of numerical model of the 2D heat flow in the calorime@#].
square windows in the back-side Si-N to the patterned Pt fea-Key results from this simulation appear in the description
tures. The back-side Si-N is etched using $Fasma. The  below.
membranes are then formed by an anisotropic etch in 4680
KOH solution. After the Siis removed, a quick dip in HF re-
moves the SiO underlayer, leaving a free-standing Si-N mem- 3. Experimental technique
brane with Pt leads, heater and thermometers in place. For
use below 50 K, low-temperature thermometers must also be  The microcalorimeter is clamped to the copper sample
prepared on the membrane. We use a Cu liftoff procedure tostage of a cryostat and wires are ultrasonically bonded to the
pattern amorphous Nb-Si semiconducting thermometers with calorimeter’s heaters and thermometers. The microcalorime-
two different geometries to span our temperature range. Theters have been used in a wide range of cryostats including
Nb-Si layer is typically 50@ and is sputtered from separate simple LHe and LN systems, a cryostat with a cold finger
targets at base pressures of 80 Torr. The layout of the that extends into a UHV deposition system for in situ stud-
leads and thermometersis showfrig. 1.Fig. 3shows there- ies, and high field magnet systems ranging from standard
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superconducting solenoids to high field magnets at NHMFL the decay. Typically, we find a frequency of several hundred
(currently under development). In all cases, the area aroundHz is needed to measure thd.0 mst of the addenda at 2 K.
the calorimeter is pumped to high vacuum (<10~ ’ Torr) The first step in measuring either heat capacity or ther-
and this vacuum is maintained throughout the measurementmal conductivity of a sample is measurement of the back-
The vacuum around the calorimeter isimportant both becauseground resulting from elements of the calorimeter other than
of the need for low thermal conductance to the environment the sample films. FO€p measurements this background is
(including parts which are at not at the temperature of the Cu the addenda heat capacity and for k measurements the
sample stage) and because small amounts of gas or ice omackground is the thermal conductance of the link between
or around the membrane unpredictably and irreproducibly the central heated area (defined by the thermal conduction
alter the background contributions. The temperature of the layer) and the bath,. In a typical specific heat measure-
copper block is typically monitored with a calibrated tem- ment, the sample space of the bare microcalorimeter is first
perature sensor and temperature controller and the sequenceovered with a thermal conduction layer (Al, Cu or Au) of
of measurements performed and recorded through GPIB con-typically 200 nm. The specific heat of this microcalorimeteris
nections by a PC running Labview. then measured and fitted as a function of temperature, which

For most specific heat measurements we use the &ilall  gives the background specific hegtcalled “addenda”. The
relaxation method. This technique is well known as the best thin film sample is then deposited on top of the conduction
compromise when precise and absolute values of the specifidayer and the microcalorimeter specific hegtis measured
heat of small samples are desired over a large temperatureagain. The specific heat of the samplds finally obtained
range[27]. However, this technique is not ideal for the study by a simple subtractions = ¢yt — C4 and proper volume or
of sharp phase transitions, such as the magnetic phase trarmass normalization. Simple side-view schematics and ther-
sitions of small crystals of STRuyJ18] and La _xCaWMnO3 mal models for the microcalorimeter describing the contribu-
[19], due to the limited temperature resolution and the large tions to the specific heat or thermal conductivity are shown in
number of steps that are required. For these measurementd;ig. 2. These contributions will be discussed in details below.
we have used the so-called largd relaxation technique (a  Note that the thermometers located on the microcalorimeter
version of the sweep methof)9,27]. are separately calibrated for each measurement, so that pos-

Measurements of specific heat using the smdllrelax- sible variations of the properties of the sensors caused by the
ation method in the membrane based configuration requiresdeposition of the sample do not affect the measurement.
the thermal conductivity and the specific heat (per unit of  The error Ac due to the temperature variation of the
surface) of the sample to be large with respect to those of thespecific heat across the intervAlT is usually negligible.
membrane. This point will be discussed in more details be- It can be estimated assuming that is the difference be-
low. When these conditions are fulfilled, the specific heat can tween the value(T+ AT/2) and the measured valye) =
be obtained by measuring two quantities: the thermal conduc-(fTT+AT c(T)dT)/AT which is a mean over the interval
tance Ky, and the time constant, of the sample’s relaxation ~ AT. Using a power low approximation for the specific heat
to the temperature of the bath. Though the techniques used ta(T) = AT, gives Ac/c= (n(n— 1)/24)(AT/T¥. For materials
fabricate these calorimeters result in very small deviations in measured at temperatures far from phase transitions, this ex-
properties, including, andKj, from one device to another, ponentnis typically less than 3, so that taking a temperature
the resistances of the thermometers do vary from one mi-interval of 2% would result in a negligible error <0.01% on
crocalorimeter to the next. Each measurement therefore alsahe specific heat.
includes a calibration of the device’s thermometers againsta To measure,, the temperature of the microcalorimeter
calibrated Cernox thermometer located in the regulated cop-is stabilized affy and the ac resistance bridge is balanced.
per block. A small amount of heating powe®, is applied to the center

To measure the time constantpf the relaxation, we first ~ of the membrane by causing a known current to flow in the
apply a small current to the sample heater (typically chosen sample heater. A concurrent measurement of the voltage drop
to give AT/T~0.01) and wait for thermal equilibrium. We  across the heater gives the measured heating pevwthen
then set the heater current to zero and record the respons¢éhermal equilibrium is reached, to good approximation (dis-
of the sample thermometer as it cools to the temperature ofcussed further below) the thermal conduction layer, heater
the bath. As long as the thermal link between the sample andand thermometers are isothermallgt- AT. The change in
the thermometer is large compareddg(so that the sample  resistanceAR, of the membrane thermometer relative to the
and thermometer remain essentially in thermal equilibrium), matched thermometer on the silicon frame is detected as an
and for sufficiently small heating power, this relaxation fol- off-null signal by a lock-in amplifier and Rconverted taAT
lows a single exponential curve. Fitting this measured curve using the thermometer calibration. Because this measurement
gives the value of the time constantfor the addenda mea- is essentially steady-state, the ac resistance bridge is driven
surement (and for some samples with low heat capacity atat a relatively low frequency (ofter¥17 Hz) to avoid signal
low T), r becomes short at lovl. In this circumstance, the  attenuation which occurs at higher frequencies. The heating
ac resistance bridg@8] must be driven with a high enough  power is related to the steady-sta&t€ by P = (Ky(T, To)) AT.
frequency to avoid losing information in the short fall time of Here,(Ky(T, Tp)) is the average thermal conductance of the
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Fig. 4. The addenda heat capadifywith the contributions from elements of the microcalorimeters. The error on the measureme2fis (form Ref.[23]).

link over the temperature rande, To+ AT. Ky(T) is deter- Pt leads contribution obtained using the same calculations is
mined from this average with a two-variable fit. In practice, 33% as expected for 1D heat links ($&g. 1). The contribu-

we find thatK, is close to linear over the small valuessaT tions of the Pt and a-Nb-Si features are small compared to the
(typically 1-10% ofTp) and we replace the averagi€y(T, membrane and thermal conduction layer, and any error from

To)) ~ Ka(To + AT/2), again giving the thermal conductance deviations of the real material’'s specific heat from literature
as a function of a single temperature. As a consistency checkyvalues is therefore negligible.
at eachlo we typically measur@T for a series of increasing The heat capacity of Si-N (in J/K) shown Fig. 4 was
appliedP. The heat capacity is given loy= Kaz. determined froncy by subtracting the Pt, Al and a-Nb-Si
The addenda specific heat, for this microcalorimeter  contributions. This can be converteddg;.y (in J/g K) using
is the result of contributions from the Si-N membrane, the the geometry of the Si-N ((2.5mm2.5mm central sam-
thermal conduction layer, the Pt leads, heater and thermome-ple area +0.24((% 5)— (2.5 x 2.5)) mn? border area) and
ter and the Nb-Si thermometers. An example is shown in a typical densityp = 2.865 g/cm. Measurements using dif-
Fig. 4. The dominant contribution for most temperatures is ferent metals for the conduction layer (Al, Cu, Au) give the
the metallic conduction layer (an Al layer for this calorime- same values o for Si-N, giving confidence that the devia-
ter). The inset shows the same plot at low temperatures. Thetion from the literature values of these metals is small.
heat capacity of the Nb-Si is approximately an order of mag-  Fig. 5shows the thermal link of the microcalorimetigg,
nitude smaller than that of the metal layers and is not shown which consists of only two contributions, from the Pt leads
in the inset. The area of each of the features contributieg to  and Si-N membrane. However, above 100 K heat losses from
is precisely known from the photolithography; the thickness radiation must be subtracted (a procedure described else-
is determined either by profilometry or inferred from growth where[33,34]). The contribution of the Pipy, is determined
parameters and comparison to other devices. We used literafrom the Wiedemann—Franz law (kfd_oT), whereos is the
ture values folC of Al, Cu and P{29,30]and approximated electrical conductivity, determined for each calorimeter by
the specific heat of a-Nb-Si with a similar composition of measuring the resistance of the Pt heater. Correcting for radi-
a-Yx-Sii—x [31]. Calculating the contribution of the conduc- ation and subtractingp; givesKsi.y and, as for a deposited
tion layer, Pt heater and thermometer, and the a-Nb-Si ther-sample film, the thermal conductivity can be calculated from
mometers is straightforward, as these features are isothermaks;.n = Ksj.n/at, wheret is the film thickness determined by
to good accuracy. The contributions of the Pt leads and Si-N optical interferometry.
membrane are more complicated, as a thermal gradient ex- After c; is measured we deposit a thin film sample onto
ists across these features. In the 1D case, Bachmann et athe conduction layer at the center of the membrane, using
showed that 33% of the heat capacity of the heat link had to a shadow mask held within 26m of the membrane to de-
be included in the addenda2]. 2D heat flow simulations  fine the sample area. This limits shadowing effects due to
[24] indicate that under typical conditions, 24% of the Si- multi-element deposition or sputtering deposition to 1% for
N membrane outside the sample area contributes.t®he a 0.25cmx 0.25cm sample. Since it is often preferable to
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Fig. 5. The measured thermal linKg, of the microcalorimeter (open circles) shown with the contributions from radiation and from the elements of the
device. The contribution of the Pt leads is determined by measuring the resistivity of the Pt and calkpjatsintg the Wiedemann—Franz law. The radiation
contribution is given by 40AT3 [33]. The contribution of the Si-N membrane is the result of subtracting these contribution§ofe highT error is
determined by the uncertainty in the radiation term. Below 100K, the erreb% (from Ref.[23]).

grow a film directly on the very flat Si-N membrane surface, conduction layer and sample film. The second effect that can
rather than on the metallic conduction layer, for some studiesintroduce systematic error when using the simple difference
we measure a sample with the conduction layer deposited onmethod are deviations from a single time constant relaxation
top, and determine; by measuring a device from the same which occur for lowcapg/Copm Or low kopg/kopm Values. Be-
wafer with a conduction layer only; the thermal link and the cause values forgs/Copm and kpdkopm can vary over five
specific heat of the addenda typically vary by less than 5% orders of magnitude depending on the samples and tempera-
within a wafer[34]. ture, and because the contributions of the membrane and the
Bulk samples are attached on the thermal conduction layerPt leads td<, vary differently as a function of temperature, a
with In [18,19] or Ga[35]. While greases of various kinds detailed analysis of the heat transfer in Si-N membrane-based
have been successfully used for low temperature measurecalorimeters with thin film samples is necessary to provide a
ments, care must be taken when measurements at moderatirm understanding of these potential systematic errors. The
temperature (77-300 K) are desired as the grease undergoesults of this finite element analysis study are reported in a
a glass transition in that regime which has been observed torecent papeli24]. Note that these issues have no equivalentin
lead to irreproducible heat capacity, which depends on cool- a bulk calorimeter, with the exception of the variation of the

ing rate and history36]. contribution of the thermal link to the addenda heat capacity
As shown inFig. 2b the heat capacity of the samle as a function of the thermal load.
is added to the addenda heat capacityincreasingr while In these calculations, we assumed a 2D heat transfer,

leavingK, constant. In first approximations can thenbe de-  which is justified by the small thickness of the components
termined simply by subtracting, from Kaz = ¢4+ ¢s and the (sensors, membrane, leads, sample) of the microcalorimeter
specific heat of the sampt@may then be calculated froog with respect to the lateral dimensions. As a consequence,
using the sample volume and either its molar volume, giving the temperature along the direction perpendicular to the mi-
C in J/mol K, or its mass density, giving in J/gK. There crocalorimeter plane can be considered as constant at any
are two main effects which can introduce systematic errors time. At low temperature this assumption would need to be
when this simple subtraction is used. First, the fraction of reconsidered due to Kapitza thermal boundary resistance and
the membrane that contributes d¢g depends on the ratios  possible changes in surface scattering once the phonon mean
C2ps/Copm andkopdkopm. Here,copm is the specific heat per  free path exceeds the membrane thickness (see below); we
unit surface (J/K crf) of the membrane anthps is the spe- note however that since both sample and thermometer are
cific heat per unit surface of the combined thin film sample films grown directly on the membrane, this acoustic mis-
and conduction layer. Similarlpn is the thermal conduc-  match issue may be not relevant. The contribution of the ther-
tivity multiplied by the thickness of the membrane (giving mal link, the deviation from the single time constant decay,
units of W/K) andkapsis the same quantity for the combined and the error made using th&r =cy+cs approximation,
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Fig. 6. (a) Contribution of the thermal link to the total specific heat for various valuksgkopm (5 x 10°, 200, 100 and 10 from top to bottom). (b) Error
on the specific heat of the sample obtained by the simple subtrd€tioncs + ¢, (see text) for various values &ps/kopm; €: normalized residues of single
time constant decay fits of the numerical data for various valu&sygfkopm (from Ref.[24]).

calculated for various values ¢fpg/Copm andkopdkopm, are sample film thickness. When the central heater/thermometer
reported inFig. 6a—c. From these results, we conclude that area is isothermaly = 10.33[24]. Deviations from this be-

this simple approximation gives an error02% in the com- havior based on calculations of heat flow in the 2D membrane
mon range otypdCopm andkopdkopm Values used with our  are discussed in detail elsewhé¢2d]. Above 100 K, where
calorimeters. The small systematic error can be taken intoradiation contributions become significant and may change
account in the calculation ak. It is important to note that  with the addition of the sample, and below 10 K, where the
low kopg/kopm Values do not lead to strong, visible devia- phonon mean free path in the membrane becomes compara-
tions of the relaxation with respect to a single time constant ble to membrane thickness, hence surface scattering affects
decay (contrary to the so-callad effect due to bad ther-  thermal transport in the membrane and can be altered by ad-
mal coupling between a bulk sample and the calorimeter) but dition of the sampleis may not be determined by this simple
nonetheless strongly increase the error on the sample spesubtraction. These more complicated cases are discussed in
cific heat calculated in the single time constant approximation detail elsewherg34,34].

whenkopdkopm < 5.
To measure thermal conductivity of a thin film sample,
first K4 is measured as described above. As shoviign2c, 4. Measurements in high magnetic fields
a thin film sample is then deposited on the entire back of the
membrane. This adds a contributig in parallel toK; so These microcalorimeters together with the relaxation
thatP/AT=K, +Ks. Ksis then determined by subtractikg method are ideally suited for measurement of specific heat

from the total thermal conductance measured after samplein a field due to their compact self-contained nature and the
deposition. The sample thermal conductivity is then given lack of dependence of the background contributions on field.
by k=Kg/at, wherea is a 2D geometry factor andis the Systematic measurements of the magnetic field dependence
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of the microcalorimeter indicate no magnetic field depen- 100000 F———————— —_—
dence inK, or cg down toT=2K in fields up to at least 8 T i
[22]. The field-induced change in the a-Nb-Si resistance has 10000 £
been found to be less than 1% above 12 K. At lower temper- F
atures, a negative magnetoresistance is observed between 0 1000
and 4 T while higher magnetic fields increase the resistance of :
the thermometer. Even in this temperature range, the overall
magnetoresistance is found to be less than 2%. :
In preparation for use of these devices to still higher fields, 1oL
magnetoresistance measurements were performed at the Na- ;
tional High Magnetic Field Lab (NHMFL) on both Pt and 4L
a-Nb-Si in fields to 32T down to 1.3K. For sensors with ]
R (4.2K) between 2 and 10k, the magnetoresistance at 0.1
this temperature shows a tendency towards saturation around 10 100
32T, with AR/Rreaching 35-40% at this field. These val-
ues are similar for various field and current orientations. At Fig. 7. Plot of sample heat capacityvs. T. The solid lines indicate values
69.5 K, the magnetoresistance of NbSi is negligible, reaching required for estimated relative error ogto be 1.5, 2, 5, 10 and 20%. X’s are
a plateau around 8 T (ARAR0.06%), and slightly decreas- calculated for stated mass (thickness) of a Au film, assuming the literature
ing above 17 T. Measurements on Pt thermometers were madé&® Vaues(29.301
with the field parallel and perpendicular to the plane of the

film, with current perpendicular to the field in both cases. Y 0
AR/Rat 3 and 4.2K is 0.15-0.2% at 32 T. These measure- 2 that the uncertainties in measurementaridk, are 1%.
X’s show the heat capacity of Au samples of various mass

ments suggest that the microcalorimeters are a solution for’, . . .
" : T (thickness) based on literature values of the specific heat of
specific heat measurements in magnetic field up to at least

- Au [29,30]. For a 44.9 (4000,&) thick Au film, we expect
32T. For proposed use below 1K, the contribution of the Pt "__ . e )
leads to the thermal conductari€gis calculated to become <3% error atalll, while fora 1.9 (90A thick) film we expect

0 .
dominant, hence its possible field dependence would be im-beie;itr?]ﬁgrzﬁﬁ ;Jor;ct(ra\gatlr?;)rlr‘gz:%v;r?c?uﬁivit measurement
portant to determine before relying on the field independencea ears ifFi P 8. Here. we plot the product ofysam le thermal
of K. This is readily determined through the electrical con- PP g8 Wep P b

T ) . conductivity and thicknes&st, versusT. Solid lines show re-
ductivity via Wiedemann—Franz, which should apply well in . .
this limit. quired values okt for the expected uncertainty kg to be

. . . ~0.03, 0.05, 0.10 and 0.20. The dashed lines shown above
It is important to point out that the magnetoresistance -
) . . 100K and below 10K are the radiation and surface scatter-
of the devicethermometers has little direct effect on the

) . . N ing regions where the estimation of error depends on sam-
functionality of the devices even in high fields, as long as L .
I . S ple emissivity and surface properties of both the sample and
the temperature sensitivity remains large. This is because

in the heat—capacity relaxation technique the time constant
measurement does not require that the thermometers be
calibrated, while thermometer calibrations and thermal-link
conductance measurements will be performed in zero field.
Magnetoresistance of thdockthermometers, which provide

the temperature for the measuremggtmust be determined
separately, as for any measurement in high field.

44ug (4000 A)Au

Co/ nJIK

100

heater, thermometers and sample are essentially isothermal

200 nm Pb

ket / LWK

5. Estimate of uncertainty: range of possible samples

Because the active elements of the microcalorimeter are ~280 nm a-Si

all thin films, the background heat capacity (showfig. 4) e P ad ‘ 16 nm Au . E
and the background thermal conductakgéFig. 5) remain I T 100
small. This allows accurate measurements of the heat ca- T/K

pacity of thin films or small bulk samples and the thermal
conductivity of thin films.Fig. 7illustrates this point for the  Fig. 8. Plot of the product of sample film thickness and sample thermal
heat capacity measurement. The plOt is of sample heat Capacc_:onductivity,kst, vs.T. Solid contour lines show required values for estimated

it versusT. Solid lines show the value @g required at relative error orks to be 3, 5, 10 and 20%. Dashed lines indicate conditions
Y Cs : qa where estimate of error depends on details of the microcalorimeter or sample

eachT for the expected uncertainty a3 to be~1.5, 2, 5, 10 due to surface scattering (IoW low kst) or sample emissivity (¥ 100 K).
and 20%. This calculation assumes that the conduction layer,Symbols indicate measured values for Pb and38] and a-Si [48] films.
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the nitride membrane as described in detail elsewfg3E 5 :
Below 100K the lowelkst contour lines are set by the 1% & Thgg;:r‘lg’gfe -
uncertainty in measurement i§§, andK; + Ks and a 2% un- o P :
certainty int. L
The uppekst limits are set by the requirement for main-
taining thermal equilibrium in the central heater and ther-
mometer area. As mentioned abowes 10.33 holds while
the temperature gradient is confined to the area between the
central conduction layer and the Si frame. lQor t for the
sample film increases (relativektfor the conduction layer),
the temperature gradient across the conduction layer grows
andqa is reduced, leading to systematic underestimation of
ks, Which is calculated in Ref24]. Measured values d§t 10° (a{ e iy i z
for a 200 nm Pb film, a 16.3nm Au film and a 277 nm a-Si o Thermal Si0,
film are also plotted ifFig. 8. 7 Underlayer

LTO Underlayer

ciméiJr gkt

E,D,arnorphous =985 K f=1130K

/
10° L LTO Underlayer

6. Specific heat and thermal conductivity of the SR ERCEQ
amorphous Si-N membrane

Disordered solids such as the low-stress amorphous Si-N -
which forms the microcalorimeter membrane typically have ; o
low thermal conductivityk, compared to crystals, with a ’
plateau generally around 10-50 K above whiclontinues to LI
increase with temperature, similar temperature dependence 10 . ,
and magnitude below10 K, andk o« T*-8below 1 K[37-40]. 1 10 100
In the specific heat of these materials, two features are nearly TR
universally observed. Thefirstisalinearterri atl K due to . 3 .

. . Fig. 9. (8)C/T° vs. T on a log—log plot comparing our measurements of
a constant density of the two-level state systems (TLS) which Si-N ((MW) LTO underlayer, (®) thermal oxide underlayer) with vitreous
also dominate phonon scattering and lead to the characteristiilica [38], and a Debye function with thep = 1130K literature value for
low T behavior ofk [37,40]. The second is a broad peak or bulk SN4 [42]. The short dotted line is the loWlimit of CIT using©p,
bump inC/T3 versusT, which occurs at the same temperature amorphous, calculated from the sound velocity in a-Si-N. The open arrow

. . . . indicates the likely location of th€/T® peak for Si-N. (b)ksi.n Of a film
asthe plateau k. The helght of this pealP’C’ also typlcally grown on thermal oxide (M, labeldd;.n) compared to values reported by

scales with the temperature at which it occlligax, so that other groupslnset: Phonon mean free pattbelow 20K vs.T on a log—log
P o Tmax 1832 This bump and the corresponding plateau in plot. Value are calculated from our measutefir two microcalorimeters
kindicate a large density of relatively low-energy vibrational andCpebye usingk=1/3Cpenyev¢, Wherev is the measured sound velocity
states, but the physical origin of the scaling behavior is not in similar membranef3] (from Ref.[23]).
yet understood.

Fig. 9a compares our experimental results N
(grown on LTO or on thermal oxide) to vitreous silica (3)O  [43]), PECVD (PE[46]) and APCVD (AP[46]), as well as
on alog—logC/T® versusT plot. The peak around 10 K seenin  vitreous silica[38]. Our results agree well with other mea-
SiO; is the characteristic peak seen in amorphous splitls surements of LPCVD Si-N. The difference in k between the
while the low temperature upturn is due to the linear term LPCVD films and those grown by plasma enhanced CVD
associated with two-level tunneling systems. The solid line is (PECVD) or atmospheric pressure CVD (APCVD)[4i§]
the Debye function for crystalline §M4 (©p = 1130 K)[42]. likely to be a result of different film microstructures. All
The Debye specific heat is constant bel®w/10 on this type measurements of LPCVD Si-N indicate a very lakge high
of plot, and decreases at hihThe short dotted line near the temperatures for an amorphous solid. The shape of the curve
y-axis indicates the low temperature value of a Debye specificis typical, with a plateau beginning at20 K but extend-
heat calculated for a-Si-N using the measured sound velocitying to a relatively highe100 K; the same temperature range
in similar membranef!3,44]. The small arrow indicates the  where the weak maximum i€/T° is indicated inFig. 9a
location of the expected peak @T® for Si-N in C/T3 [23]. as expected. The low temperatukg,n values are within the
C/T8 for Si-N grown on thermal oxide continues to increase range of previously measured amorphous s¢88% The in-
down to 3K, indicating non-Tbehavior similar to that seen  set inFig. 9b shows our estimation of the phonon mean free
in other amorphous materials at lowe(due to TLS). path,¢, in our Si-N membranes below 20 K on a log—log plot

Fig. 9b compares our measured thermal conductikgity [23]. This is shown for two membranes, one grown on a ther-
to amorphous Si-N films grown by LPCVD (LH45], LP2 mal oxide underlayer and one grown on a LTO underlayer.

k/W/cmK
/
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At high T (T> 100K not visible on this plot) all curves ap- in zero magnetic field, a useful property when magnetic
proach the inter-atomic spacing (~2°AEfor Si-N), and in- measurements may be complicated by magnetic history
crease rapidly as the temperature decreases. Below 20K, dependence such as in spin glasses. They also reflect the
for both membranes exceeds the 280Mmembrane thick- bulk thermodynamic properties, and hence are particularly
ness. The two different membranes differ below this pdint.  valuable when magnetic measurements may be dominated
continues to increase for the membrane grown on the thermalby impurity phases or surface effects as in antiferromagnets
oxide underlayer, whilé in the membrane grownon LTO is  and superconductors.
reduced and appears to reach a limiting value @fril This An important application of these microcalorimeters is
behavior indicates that diffuse surface scattering dominatesmeasuring specific heat of magnetic multilayers (MML) with
the phonon transport in the Si-N grown on LTO. Phonons giant magnetoresistance (GMR), which are heterostructures
incident on the rough surface are scattered in all directions of great technological significance. These MML consist of al-
with equal probability. Values of seen in the Si-N grown  ternating ferromagnetic (i.e. Fe, Co) and non-magnetic (i.e.
on thermal oxide which exceed the membrane thickness in-Cu, Cr, Ag) layers, where the magnetic layers are coupled in
dicate that specular scattering occurs at the surfaces. This isan antiparallel configuration in zero applied magnetic field.
likely due to the different bottom surface created by growing We deposited a Fe/Cr MML on the microcalorimeter and
on different oxides. We expect that when Si-N is grown on compared the measured specific heat with that of pure Fe and
the flatter thermal oxide, a smoother surface is left behind Cr thin film samples. The thickness of all samples was around
when the oxide is etched away. Scattering off this smoother 1000A. In this study, we especially concentrated on the low
surface would be at least partially specular, while scattering temperature electronic contribution to the specific heat, from
off the rougher surface left after removal of the LTO would which the electronic density of statescan be determinegt.
cause more diffuse scattering, reducihigp the temperature  is animportant parameter for itinerant ferromagnets, and par-
range below 20 K where the intrindiexceeds the membrane ticularly important for understanding the electronic transport
thickness. which determines GMR. We observed that at low tempera-
These surface scattering effects introduce a complicationture,y is strongly enhanced in the Fe/Cr sample with respect
for measuringk of thin films at lowT with this microcalorime- to the pure Fe and Cr samples but is independent of magnetic
ter. Previous studies show that thin films deposited on very field, hence not directleadingto GMR (but still necessary
clean surfaces of pure Si wafers can disturb specular sur-for understandingGMR). We also observed a softening of
face scattering, causing reduction of the mean free path andhe phonon modes, which may be in part responsible for the
thermal conductivity47]. There is some indication that sim-  enhancement of the electronic contribution. This study is de-
ilar physics occurs in thicker a-Si-N membraijé3]. If the scribed in detail in Ref{15].
phonon scattering at the bottom membrane surface is pre-
dominantly specular, deposition of the sample film on this
surface causes the scattering to be partially diffuse, chang-8. Conclusion
ing the thermal conductivity of the membrane. In this case,
Ks# P/AT — Ky We present a more complete description of In this article, we have reviewed our techniques for mea-
these effects elsewhef23]. suring specific heat of thin films and small bulk samples and
thermal conductivity of thin films. Though thereisagreat deal
of science still to be discovered using our current capabili-
7. Specific heat measurements of thin films and single ties, we are also working to extend Si-N membrane-based mi-
crystals crocalorimetry techniques to lower temperatures (0.3 K) and
pulsed magnetic fields up to and beyond 32 T. We are also de-
Samples measured to date include amorphous magnetioseloping microcalorimeters with thinner membranes (30 nm)
films (a-TbFe2 and giant negative magnetoresistance a-to allow measurement of yet smaller heat capacities and ther-
Gd-Si alloys)[12,13], empty and filled fullerenes (C60, mal conductivities and exploring the use of surface microma-
K3C60,C82, La@C82,C84, Sc2@C84$,17], single crys- chining to integrate the shadow mask and microcalorimeter
tal and pressed pellets of manganites and ruthefie8e&0], to simplify sample preparation and further reduce systematic
magnetic and antiferromagnetic multilayered films (Fe/Cr; uncertainties.
NiO/Co0O, NiO/MgO and CoO/MgO; CoO/SiOp)0,11,15].
Specific heat studies of magnetic materials are useful in
several ways: characterization of the nature of the magneticAcknowledgements
transition, determination of the magnetic entropy evolved
and hence the number of magnetic states populated between We would like to thank the DOE and NSF for support and
T=0 and the transition and/or above the transition, and char-all the members of the Hellman group for their contributions
acterization of the low-energy magnetic excitations of the to the development of this technique: D.W. Denlinger, E.N.
system. Specific heat measurements allow a characterizatiobarra, K. Allen, P.W. Rooney, M.T. Messer, S.K. Watson,
of the magnetic transition and low-temperature properties D.K. Kim, S. Wohlert, E. Janod, R. Sappey, D. Lieberman,
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