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Thermal stability of Pt Schottky contacts to 4H-SiC
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Depth profiles by x-ray photoelectron spectroscopy have been used in conjunction with current—
voltage measurements to study the thermal stability of a 50-nm-thick Pt contaetlb-SiC
substrate. A reaction between the Pt and the SiC substrate is observed at temperatures of 600 °C and
above. Annealing below that temperature improves the ideality and the uniformity of the Schottky
characteristics, while annealing above this temperature degrades the electrical performance and
uniformity. Thermodynamic stability is not reached even after annealing foat 900 °C. Alocal
improvement of the characteristics at 800 °C is correlated with the formation of a second graphite
film in the Pt—SiC reaction. €2000 American Institute of Physids50021-897@0)00523-3

I. INTRODUCTION ately prior to deposition, the samples were etched in an aque-
ous solution of 10% HF for 10 s and then blown dry with N
Silicon carbide has received growing attention duringgas,
the last decade for being the most mature and promising The 50-nm-thick Pt films were deposited by electron
candidate material for high temperature and high power eleqyeam thermal evaporation in vacuum. The substrate holder
tronic device applications.Out of the three commercially \yas neither cooled nor heated externally. The evaporation
available polytype¢3C—, 4H—, and 6H-SiC 4H-SIiC of-  system is equipped with a cryopump and a cryogenic baffle
fers the widest band gap, highest electron mobility, and thenat yields a background pressure ok 1078 Torr prior to
lowest micropipe densiti€sThe ability to utilize these quali- the deposition. Diodes with area of 0.0005%ere defined
ties for high temperature electronic devices will mostly de-py photolithography and liftoff. Post-deposition heat treat-
pend on the stability of the contacts to these devices. Knowlments were done in an evacuated tube furnace (5
edge of the thermal stability of metal contacts and theirx 1077 Torr).
electrical properties is therefore of crucial importance for
device makers. Yet, very few studies have been reported on
the thermal stability of Schottky barriers to 4H—Sit this
article, we report on the thermal stability of Pt Schottky con-
tacts ton-type 4H-SiC. We compare depth profiles obtained  The current—voltage| V) characteristics, were mea-
by x-ray photoelectron spectroscopyPS) with the electri-  sured at room temperature with an HP 4140B
cal parameters of the contacts, before and after isochronal dicoampermeter/dc voltage source. An indium—gallium alloy
h heat treatments in vacuum up to 1000 °C. was used as a back contact. The saturation current density,
Js, and the ideality factom, were obtained by least square
fit of the linear part of the semilogarithmie-V curves. With
the saturation current density thus established, and assuming
1. EXPERIMENT the thermionic emission model, the barrier height was calcu-
lated from the equatiof:

B. Sample characterization

A. Sample preparation

The 4H-SiC wafe(CREE Research, Incused in this —kTI A** T2

work wasn type, 280um thick, with a 10um-thick n-type B q n Js |’

epilayer grown on its Si face. The substrate and the epilayer

were doped with nitrogen to levels of %307 and 1  whereA** =142 Alcn?K? is the effective Richardson con-

X 10%/cn?, respectively. Prior to deposition, the samplesstant for 4H-SiC. The Schottky barrier height and the ide-

were degreased in organic solvents in an ultrasonic (tath  ality factor of 30 individual diodes were extracted fromV
chlorethylene, acetone, and methanol, sequentidtiynedi- measurements before and after thermal annealing. The an-

nealing of the diode sample was accumulative, i.e., the same

dCurrent address: Division of Engineering and Applied Sciences,dlo.d(:'_'S were annealed at several steps and th.e!mharac_
Harvard University, Cambridge MAO02138; electronic mail: tefistics measured after each step. The annealing steps were 1
shalish@deas.harvard.edu h long at 200, 400, 500, 600, 700, 800, 900, and 1000 °C.
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FIG. 2. -V mean Schottky barrier height and mean ideality factor as a
2 A function of the annealing temperatutbe annealing steps are accumulated
$S 0,50, %0%) 9 o The error bars are the standard deviation.
200 °C
1
AV
° o DB o 6\ as over a wide range up to a value of1.4. The results for the
various diodes are well described by a linear curve of the
1 dep form ®g=an+b, where®d; is the barrier heightn is the
0 11 12 13 14 15 16 ideality factor whilea and b are the slope and bias of the
Ideality Factor — line, respectively. For the as-deposited diodes this fitting
yieldsa= —1.46+0.14 andb=3.46+-0.17 eV.
FIG. 1. Schottky barrier height obtained frolaV measurements of 30 Annealing of the same diodes at 200, 400, and 500 °C

<4H—S_iQ\F’t(50 nm diodes presented as a function of their ideality factor resylts in consecutive narrowing of the ideality factor range,
for variows 1 h accumulated annealing steps. until at 500 °C the range is 1.650.05. Further annealing at
600 and 700 °C increases the ideality factor range, which

Nonpatterned samples were characterized by XPS to ddl2rrows again only after annealing at 800 °C. After annealing
termine compositional profiles and to monitor interactions in@t Nigher temperatures the ideality factors increase in both
the samples. XPS measurements were carried out in ultrdP€ir average value and their spread. _
high vacuum (% 10~ °Torr) using a 5600 Multitechnique _ In Flg. 2, the average valu_es of the _Schottky barrier
System(PHI, USA) with spherical capacitance analyzer andeight [Fig. 2@] and the ideality factorgFig. 2b)] are
monochromatized A a radiation hv=1486.6eV) source 9iVen as a function of the annealing temperature. Arrows
at a pass energy of 117 eV and an energy interval of 0.1280inting at the 500 and 800°C data points mark the two
eV/step. Photoelectron spectra were acquired over a 4o@Rinima of the average ideality factors measured. The mag-
um-diameter spot. The C&) peak position at the surface nitude of the error bars_ls the standard deV|at_|on. The general
before the sputtering at 284.8 eV was used as an energ}f)_e”d of the bar_ner height is to decrease Wlth temperature,
reference throughout this work. with a local maximum at 800 °C. The average ideality factor
first decreases up to 500 °C, after which it increases again
with a local minimum at 800 °C.

After the annealing at 1000 °C, the diodes lost their me-

Figure 1 shows the Schottky barrier height of each of thdallic shine. Examining the samples with an optical micro-
characterized diodes as a function of their ideality factorscope revealed a nonuniform surface with what seemed to be
Separate graphs are given for as-deposited diodes and feolidified droplets.
diodes annealed at 200, 400, 500, 600, 700, 800, 900, and To gain a better understanding of the changes in the
1000 °C for 1 h. As-deposited, the diodes show various barelectrical parameters we applied XPS to samples that had
rier heights and the corresponding ideality factors are spreadeen deposited and treated concurrently with the diode

IIl. RESULTS
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FIG. 3. Atomic concentration x-ray photoelectron spectroscopy depth pro- . . .
files of (4AH-SiIG\P{(50 nm) after 1 h annealing at various temperatures. SPUtterlng Tlme [mln]

FIG. 4. Pt(4,,) binding energy x-ray photoelectron spectroscopy depth
profiles of (4H-SiICG\P{50 nm after 1 h annealing at various temperatures.

samples. Figure 3 presents XPS depth profiles of [9i(2
(dotted curve, C(1s) (thin solid curve, and Pt(4) (thick
solid curvg as a function of the sputtering time for as- that fits the reported binding energy of pure(Pt.2 eV}, in
deposited samples and for samples annealed at 500, 60@e depth range that matches the Pt layer. Below the Pt layer,
700, and 900°C. O(9) profiles were obtained for all the this value gradually shifts to a value that fits reported values
samples but were omitted in Fig. 3 for being mostly lowerof the PtSi phas€73 eV).” Deep Pt penetration may be
than the sensitivity limit of the method. caused by a knock-in effect during the sputtering process: Pt

Only slight changes are observed between the depth pratoms knocked deep into the substrate by the sputtering at-
files of the as-deposited sample and the one annealed aims. The Pt atoms are later detected at the depth of the
500 °C, while a major reaction is observed after annealing asubstrate, at which range the only possible silicide phase is
600 °C. The reaction is manifested in pileup of carbon justhe most Si-rich, PtSi.
below the original interface and diffusion of both Si outward Starting at 600 °C, the Ptf4 depth profile assumes a
into the original Pt layer and of Pt from the top layer past thethree-step form, after about 5 min of sputtering. The first step
original interface inward towards the substrate. No majoilies at~71.7 eV, which is between the binding energy range
differences are observed in this reaction picture up to 900 °Creported for Pt(71.2 eV} and that reported for F%i (72.5
although the interfaces seem to move slightly inward into thesV),” and is therefore highly likely to represent8ic How-
substrate as the temperature increases. The atomic concever, P4Si is not formed in the Pt—Si reaction and therefore
trations suggest the formation of Pt-rich silicide phase abovéhere are no reports of its binding energy in the literature.
the original interface and a Si-rich phase or phases below iThe next step appears at the inner side of the original inter-
in the SiC—Pt reaction. face and is close to the binding energy of3tt After the

To further investigate the formation of silicide phases,second step, the curve gradually deviates until it reaches a
the depth profiles of the Pt4,,) binding energy are plotted binding energy value, which is around the value of PtSi.
for the various temperaturd&ig. 4). In the profile of the Roughly the same image is observed at temperatures higher
as-deposited sample, the Pt¢4) peak is centered at a value than 600 °C. Hence, the change of trend observed in the ide-
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C(]S) 800 °C, a second graphite peéakarkedL,) evolves and is
made distinct after annealing at 900 °C.

graphite

s carbide

IV. DISCUSSION
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Since the advent of laterally resolved methods for the
evaluation of Schottky barrier heights.g., ballistic electron
emission microscopy’ it has been established that the most
practical metal—semiconductor contacts possess some degree
of lateral nonuniformity. The effect of a nonuniform contact
composed of patches with different Schottky barrier heights
was theoretically established by TutyHis model easily
accounts for barrier height and ideality factor variations.
Based on Tung'’s model, Schmitsdaf al1*!2 have shown
experimentally and explained theoretically the existence of
linear relations between effective barrier heights and ideality
factors in ensembles of identically prepared diodes.

The diodes prepared for this study possess a range of
barrier heights and ideality factors whose relation is well
described by a linear curv&ig. 1). According to the above-
mentioned model, it may be explained as a manifestation of
] a nonuniform contact. In the case of our as-deposited diodes,

e | this nonuniformity may be accounted for by the well-known
] shortcomings of the cleaning process. In Si technology, the
f/‘\ 500 °C ] dependence on surface preparation has been overcome by
i 4 : a : . employing a solid—state reaction between a transition metal
and the Si substrate. The silicide thus formed has a new
interface with the substrate that is formedsitu and away
] from the original interface. Annealing of oy#H-SIC\Pt
A as-deposited diodes indeed results in an improvement. The distributions of
(') 2'0 4‘0 6.0 8.0 - barrier heights and ideality factors seem to be narrowed as
the annealing temperature is raised. This trend continues up
Sputtering Time [min] to 500 °C. However, a detectable reaction between Pt and the
SIiC substrate is observed only after annealing at 600 °C.
FIG. 5. )_(-ra_y photpelectron spectroscopy depth profiles of the graphite a“q'herefore, it seems more likely that minor thermally induced
rneng:lrikr’]'g;’gﬁg:ﬁ”i;;g;ﬁ?eak Of4H-SIOWPIS0 nm after 1 jniarfacial atomic rearrangements occurring at temperatures
below the onset of Pt—SiC reaction, are responsible for the
observed improvement of the contact ideality. Such rear-
ality factor values between 500 and 600 °C clearly correlatesangements may be too small to be observed by XPS depth
the onset of the Pt—SiC reaction. However, these results dprofiling while sufficient to affect the transport at the metal—
not offer any clue to account for the significant changes irsemiconductor interface.
the electrical parameters at 800 °C. Annealing at 600 °C initiates a reaction between the Pt

The differences in the binding energy of Si(Rbetween and the SiC substrate, as clearly observed in the depth pro-
the various possible silicides are too small to be analyzediles. The reaction of Pt with Si is known to commence in a
here. We now turn to the Cg) binding energy profile. Us- laterally nonuniform mannér'* The same was also ob-
ing Gaussian fitting, the CE) peak was decomposed to a served using transmission electron microscopy in the 3C—
carbide(~283.6 eV\j® and graphitg~284.6 e\).° The peak SiC—Pt system® The irregularity of the contact is further
area depth profile for each of these components was plottdéddicated by the formation of a multiphase contact in the
for the various annealing temperatur@sg. 5. In the as- case of SiC, containing both silicides and carbon. It is there-
deposited sample, a small peak of graphite is observetbre reasonable to expect the same for the 4H-SiC—Pt sys-
around the metal—semiconductor interface, while most of théem. According to Tung, if the contact becomes laterally
carbon in the sample assumes the binding energy of carbidenuniform, the ideality factor should increase. An increase
correlating the depth of the substrate. This image is not mucis indeed observed starting at 600 (&gs. 1 and 2and this
altered after annealing at 500 °C. After annealing at 600 °C, general trend continues further at higher temperatures. How-
peak of graphite(markedL,) is observed just below the ever, at 800 °C a local deviation from this trend is observed
original metal—semiconductor interface, while the carbiden the form of a local minimum in the ideality factor, accom-
signal starts after about 30 min of sputtering deeper as conpanied by a local maximum of the Schottky barrier height.
pared to the 500°C profile. Annealing at 700 °C mainly Figure 4 suggests that annealing at temperatures between
deepens the carbide signal. However, after annealing &00 and 900 °C produces a sequence of the three congruent
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phases of Pt and Sif®i, PtSi, and PtSi. This is indicated nealing at temperatures above the reaction onset temperature
by the three binding-energy steps in the Pt depth profilereverses this trend, degrades the ideality, and increases the
However, the PtSi appears to be formed in a depth that jgariance between the diodes. This is attributed to the well-
within the SiC substrate, while similar such transition of theknown laterally nonuniform manner of the Pt-SiC reaction.
binding energy is also observed at the as-deposited anfjt 800°C a local deviation from the general trend is ob-
500°C annealed samples, where clearly no reaction hagerved. This deviation is shown to correlate the separation of
taken place. It is therefore not clear whether this last steg second graphite layer from the substrate. Although the

represents an artifact, or whether a thin layer of PtSi wasglepth profiles do not seem to change significantly between
indeed formed and its profile is only smeared. 600 and 900 °C, the interface with substrate is seen to con-

The formation of P§Si in Pt—SiC reaction is well tinuously deepen and the Schottky characteristics to continu-

known!®€in contrast to its absence in the Pt—Si reaction.ously change, which means that déi—SiG P50 nm) sys-

The difference between the systems is the presence of C #i#m does not reach thermodynamic equilibrium up to 1 h

the Pt—SiC system. Indeed, presence of C is known to favoannealing at 900°C. Annealing at 1000°C results in a

the formation of metal rich silicides, even in the case ofliquidation of the contact, probably due to the PtSpSit

refractory metals, where in the absence of C only disilicidegutectics at 970 °C. This eutectic point sets a limit to the

are formed:’18 annealing temperature range. Therefore, to reach thermody-
The local improvement of the Schottky barrier observednamic equilibrium, if at all possible, would require a much

at 800 °C does not correlate with any significant change irthinner Pt layer.

the atomic concentration depth profiles of Fig. 3 or the Pt

binding energy depth profiles of Fig. 4. It does, however, ACKNOWLEDGMENTS
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