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Pressure Sensors of CVD Diamond Films
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Electrical and piezoresistive properties of chemical-vapor-deposited boron-doped (B-
doped) p-type polycrystalline diamond films are investigated. The diamond films about 2
um thick were grown on a flat insulating polycrystalline diamond substrate using a
conventional microwave plasma CVD system. Deposition conditions for the diamond
films were carefully selected to suppress the degradations, such as the surface conductive
layer, the impurity-band conduction under high B-doping concentration, and the resistive
conduction across the grain boundaries. The optimized film exhibits hole conduction
originated from B acceptor with an activation energy of 0.31-0.33 eV and reasonably high
mobility (>30cm?V:s at 300 K). A piezoresistor (500 pm long and 50 um wide) of the p-
type polycrystalline diamond film was fabricated on a diaphragm structure using photoli-
thography and reactive ion etching in an oxygen plasma. Relative change of the electrical
resistance ( R/R;) of the p-type diamond piezoresistor is almost proportional to the applied
strain. Gauge factor K for the p-type diamond piezoresistor is derived to be ~1,000 at room
temperature and > 700 at 200°C.

1. Introduction

Diamond is one of the most promising materials for new semiconductor devices
because of its unique electrical and mechanical properties, such as wide band gap (E, ~ 5.5
eV), high electrical breakdown field (3.5 x 10% V/cm),” high hole mobility (> 1,200 cm?
V:5),@ high thermal conductivity (~ 20 W/cm-K),® and high Young’s modulus (£ ~ 1 X
102 N/m?).® Rapid advances in the synthesis techniques of diamond films, for example
microwave plasma chemical vapor deposition (CVD),*™? enabled a wide variety of
applications of diamond to develop. The semiconducting CVD diamond thin film is
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suitable for sensors, such as radiation detectors,® photosensors,® thermistors,'*!" and
pressure sensors,2'® used under the conditions of high-temperature, high-radiation, and
chemically harsh environments, in which it is not possible to use conventional materials
such as silicon (Si) and germanium (Ge).!” Electrical characteristics and piezoresistive
properties of the boron-doped (B-doped) p-type semiconducting CVD diamond films(1215-18)
and pressure sensor fabricated from the CVD diamond films>-!® are reported in this paper.

2. CVD Growth of Diamond

B-doped CVD diamond films were deposited by a conventional microwave plasma
CVD method.”” The typical deposition conditions are listed in Table 1. The average
growth rate of the B-doped polycrystalline diamond was about 0.3 pm/h. The thickness of
the deposited B-doped diamond film after 7 h growth was about 2 pm.

It is known that the as-grown CVD diamond film exhibits a surface conductive layer
whose conduction is p-type with very low mobility.?*2) It is also reported that the
electrical properties of heavily B-doped diamond films are dominated by impurity-band
conduction with low mobility rather than by band conduction of holes.®® Moreover, the
electrical properties of the polycrystalline films, which consist of a columnar structure of
diamond grains, are strongly affected by the grain boundaries. The hole mobility of the
polycrystalline film is much lower than that of the single crystalline film.('® The hole
conduction in the surface conductive layer, the impurity-band conduction under high B-
doping concentration, and the resistive conduction across the grain boundaries degrade the
piezoresistive effect of the p-type CVD diamond film.

We carefully selected the deposition conditions for the p-type B-doped polycrystalline
CVD diamond films to suppress these degradations. The as-grown diamond films were
treated in an oxygen plasma for 3 min to remove the surface conductive layer after diamond
CVD.@21 A B/C ratio of 1,000 ppm resulted in the required carrier concentration of ~ 10'8
cm for suppression of the impurity-band conduction in the heavily B-doped diamond.

Table 1
Deposition conditions of p-type CVD diamond film.

Method microwave plasma CVD

Substrate polycrystalline diamond/silicon wafer
polycrystalline diamond wafer

Source gas CO/H,/B,Hg

Total gas flow 110 sccm

CO/H, ratio 1.8%

B/C ratio 1,000 ppm

Pressure 4,000 Pa

Microwave power 300 W

Substrate Temperature 900°C
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Anundoped polycrystalline diamond layer with a thickness of 20 ym on a silicon wafer
(poly-diamond/Si substrate) or an undoped polycrystalline diamond wafer with a thickness
of 200 um (poly-diamond substrate) was used as a substrate for the deposition of B-doped
CVD diamond films. The surface roughness of the polycrystalline diamond substrate was
< 0.1 um. Prior to the deposition, all substrates were cleaned in acid and then rinsed in
deionized water. B-doped polycrystalline diamond films deposited on the polycrystalline
diamond/Si substrates exhibited columnar structures of grains grown epitaxially on each
diamond grains of substrate with low surface roughness. Homoepitaxial single-crystalline
diamond film was also deposited on the high-pressure synthesized single-crystalline
diamond (001) (HPSD) substrate in order to compare between single-crystalline and
polycrystalline diamond films and to evaluate the grain boundary effect of polycrystalline
films.

3. Electrical Properties of B-Doped CVD Diamond Films

The surface conductive layer of the as-deposited diamond film was removed by oxygen
plasma treatment prior to the electrical measurements. Then a gold (Au)/titanium (Ti)
double layer was deposited by electron beam evaporation as ohmic-contact electrodes for
the B-doped diamond films. The electrical resistivity of the deposited p-type CVD:
diamond film was more than seven orders of magnitude smaller than that of the undoped
diamond substrate: > 10° Q-cm. The electrical resistivity p, hole concentration p, and Hall
mobility i, of the B-doped CVD diamond films were measured between 200 K and 455 K
by the van der Pauw method and Hall effect measurement.

Figure 1 shows the electrical resistivity p plotted as a function of reciprocal temperature
of the B-doped polycrystalline and single-crystalline diamond films deposited under the
optimized conditions shown in Table 1. The activation energy &, of the polycrystalline
diamond film is 0.31-0.33 eV, the same as that of single-crystalline film, which agrees
well with the reported value for boron acceptors in diamond.® The major carrier transports
in these single- and polycrystalline CVD diamond films deposited under the optimized
conditions are attributed to the band conduction of holes originating in B acceptors within
the measured temperature range.

Figures 2 and 3 show the Hall mobility L, and the hole concentration p of the B-doped
polycrystalline and single-crystalline CVD diamond films as a function of reciprocal
temperature. p of the polycrystalline and single-crystalline films are 7 x 10 cm™ and 1 x
10 cm, respectively, at 300 K. The hole concentrations of the B-doped polycrystalline
and single-crystalline diamond films are almost the same within the measured temperature
range. It is suggested that individual grains of the B-doped polycrystalline film exhibit the
same qualities as the B-doped homoepitaxial single-crystalline diamond film. On the other
hand, p, of the polycrystalline film is 36 cm?/V-s, ten times smaller than that of the single-
crystalline film at 300 K, because of the existence of the grain boundaries and/or the
disordered crystalline orientation of diamond grains within the columnar structure. The
diamond films deposited on the other substrates, such as fused quartz, exhibited a lower €,
(0.15 V) and a lower y;, (< 1 cm?/V-s) than those deposited on diamond. The higher B-
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Fig. 1. Electrical resistivity p of the polycrystalline (@) and single-crystalline (O) B-doped CVD
diamond films plotted as a function of reciprocal temperature.
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Fig. 2. Hall mobility u of the polycrystalline (@) and single-crystalline (O) B-doped CVD
diamond films plotted as a function of reciprocal temperature.
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Fig. 3. Hole concentration p of the polycrystalline (@) and single-crystalline (O) B-doped CVD
diamond films plotted as a function of reciprocal temperature.

doped (> 10" cnmr®) CVD diamond film also showed a lower €4(< 0.20 eV) and a lower
(< 10 cm*V-s).® Surface conductive layer of the as-grown CVD diamond film exhibited
a lower g4 (0.05 ¢V) and a lower t, (< 1 cm?V-s). It is confirmed that the hole conduction
originated from the B acceptor with reasonably high mobility (> 30 cm?/V's at 300 K) was
achieved in the polycrystalline diamond film under the optimized deposition conditions.

4. Pressure Sensor Fabrication

The piezoresistive effect is the phenomenon whereby the electrical resistivity changes
inresponse to an applied strain. It has mainly been investigated in semiconductors such as
silicon (Si) and germanium (Ge)."*” The change in electrical resistivity originates from the
change of valence band structures of p-type semiconducting materials by the strain.?® The
piezoresistors are usually fabricated on the diaphragm or cantilever structures in order to
apply adequate strain to the piezoresistors. In the case of a circular diaphragm, the radial
strain &(r) and the transverse strain €(r) on the diaphragm are calculated as

P—{a2(1+v)—r2(3+v)} (1)

3
E =
A7) SEf
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3P
8Er?

g,(r)= [@1+v)-ra+3w)}, )

where r is the distance from the center of the diaphragm, a and ¢ are radius and thickness of
the diaphragm, v and E are Poisson’s ratio and Young’s modulus of the diaphragm
materials, respectively. P is the pressure difference between upper and lower surface of the
diaphragm. The &,(r) and &(r) take the same maximum value at the center of the diaphragm
(r=0)as

2
3a (1+V)P.

£,(0)=¢,(0)= SER

3

Gauge factor K, an index of the sensitivity of a piezoresistive sensor material, is defined
as the value of relative change in electrical resistance (AR/R,) divided by the applied strain
F:

k= AR/Ry _ ARIR, -
AL/L, £

where AL/L, is the relative change in piezoresistor length. AR/R, of the piezoresistor as a
function of the applied strain € can be divided into two terms as

AR/R, =(1+2v)e+ Ap/p, . (5)

where (1 + 2v)€ is due to the geometrical deformation of the piezoresistor and (Ap/py) is
due to the electrical resistivity change of the piezoresistor materials. The piezoresistive
effect for semiconducting materials is mainly dominated by the term (Ap/pp). The K value
of p-type crystalline Si is approximately 150.( It was also reported that K values of B-
doped p-type polycrystalline and homoepitaxial single crystalline CVD diamond films
were 6—1,000 and > 550, respectively, at room temperature on the diaphragm or cantilever
configuration.(1%-18:24.23)

The CVD diamond piezoresistors were fabricated from B-doped polycrystalline dia-
mond film grown on the flat insulating polycrystalline diamond substrate using the reactive
ion etching technique. Under the diamond piezoresistor, the diaphragm structure was
formed by etching the substrate from the back. Typical steps of the fabrication process are
illustrated in Fig. 4. After the deposition of the B-doped diamond films, the 3-pum-thick
aluminum (Al) film is evaporated onto the diamond film. The Al film is patterned and used
as the mask for the diamond-film etching process. The B-doped diamond film is etched by
reactive ion etching (RIE) in oxygen plasma. RF power and pressure of the typical RIE
etching conditions are 150 W and 5.3 Pa, respectively. The etching rate of the diamond
layer is about 2 um/h, which is four times higher than that of the Al mask film. The length
and width of the fabricated diamond piezoresistor are 500 gm and 50 pm, respectively.
Then the Au/Ti ohmic electrodes for the piezoresistor are deposited. Under the diamond
piezoresistor, a circular diaphragm structure is further fabricated by etching a portion of the
Si substrate from the back. Diameter and thickness of the diaphragm are 2 mm and 400 um,
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Fig. 4. Typical steps of fabrication process for the diamond piezoresistor on the diaphragm structure.
(a) Cleaning of substrate; (b) deposition of B-doped CVD diamond film; (c) evaporation of Al film;
(d) etching and patterning of Al film; (e) etching of B-doped diamond layer by RIE process; (f)
removal of Al mask; (g) patterning of photoresist layer; (h) evaporation of Au/Ti layer; (i) lift-off; (j)
fabrication of diaphragm structure.

respectively. The overview of the diamond piezoresistor device and the scanning electron
microscope (SEM) image of the diamond piezoresistor rod are shown in Figs. 5 and 6,
respectively. Each individual piezoresistor was isolated by the electrical resistance of
more than 10 GQ.

5. Piezoresistive Properties of B-Doped CVD Diamond Films
The B-doped diamond piezoresistors on the diaphragm were set in the gas pressure

system as shown in Fig. 7(a). Argas pressure (0—10 Mpa) was applied to the piezoresistor
on the fabricated diamond/Si diaphragm in the gas pressure system. The whole system
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Fig. 5. Overview of the diamond piezoresistor device.

i-diamond layer
(substrate surface):

Fig. 6. SEM projection image of the diamond piezoresistor rod.
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Fig. 7. Schematic illustrations of the application systems of the CVD diamond piezoresistors: (a)
gas pressure system; and (b) powder compaction system.

could be heated up to 200°C. In another application, the piezoresistor on the insulating
diamond wafer was fixed on the bore at the bottom of container in the powder compaction
system as shown in Fig. 7(b). Then iron powder with a particle size of about 100 ym
diameter was charged in the container. The pressure was applied to the reverse side of the
piezoresistor device through the bore by loading a punch.

Figure 8 shows the relative change in the electrical resistance (—-AR/R,) of the p-type
polycrystalline CVD diamond piezoresistor as a function of pressure P applied to the
diamond/Si diaphragm using the gas pressure system (Fig. 7(a)) at different temperatures.
The R of the piezoresistor decreases with increasing compressive stress applied to the
piezoresistor as shown in Fig. 8. The slope of ~AR/R,, versus P is about 0.30% per 1 MPa
at room temperature and about 0.25% per 1 MPa at 200°C. The gauge factor K for this
piezoresistor was calculated using egs. (3) and (4) neglecting the effect of transverse strain.
Figure 9 shows the X for the p-type polycrystalline CVD diamond piezoresistor calculated
at different strains €as a function of temperature. The K'is about 1000 at room temperature,
which is 6 times larger than that of Si. Though the K decreases with elevating temperature,
it remains above 700 even at 200°C. The p-type diamond piezoresistor has the potential to
operate under high-temperature (> 200°C) and high-pressure (> 10 Mpa) environments.

Figure 10 shows the AR/R, of the p-type diamond piezoresistor on the insulating
diamond wafer (Fig. 7(b)) at room temperature as a function of load applied to the punch.
The R of the piezoresistor increased with increasing load force, since the force was applied
from the back of the diamond wafer. The AR/R, was proportional to the applied load as
shown in Fig. 10 up to 500 kgW.
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Fig. 8. Relative change in the electrical resistance (—AR/R,) of the p-type diamond piezoresistor
shown in Fig. 7(a) as a function of pressure P applied to the diamond/Si diaphragm at different
temperatures: @ 27°C; l100°C; & 150°C; €200°C.
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Fig. 9. Gauge factors X for the p-type diamond piezoresistor shown in Fig. 7(a) as a function of
temperature at different strains: 4 12 microstrains; 21 microstrains; @30 microstrains.
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Fig. 10. Relative change in the electrical resistance AR/R, of the p-type diamond piezoresistor shown
in Fig. 7(b) at room temperature as a function of applied load.

6. Summary

Boron-doped p-type polycrystalline CVD diamond films were grown on flat undoped
polycrystalline diamond substrates under the optimized conditions to suppress degrada-
tions originating from the surface conductive layer, grain boundaries, and impurity band
conduction. Piezoresistors of the optimized p-type polycrystalline diamond film were
fabricated on the diaphragm structure using photolithography and reactive ion etching in
oxygen plasma. A large piezoresistive effect is observed in the optimized p-type diamond
piezoresistor. The gauge factors X for the p-type diamond piezoresistor are calculated to be
~ 1,000 at room temperature and > 700 at 200°C.
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