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Electrical Transport Properties of Undoped 
CVD Diamond Films 

Polycrystalline diamond films synthesized by microwave-assisted chemical vapor 
deposition (MACVD) were examined with transient photoconductivity, and two 
fundamental electrical transport properties, the carrier mobility and lifetime, were 
measured. The highest mobility measured is 50 centimeters squared per volt per 
second at low initial carrier densities (<lo1' per cubic centimeter). Electron-hole 
scattering causes the carrier mobility to  decrease-at higher carrier densities. Although 
not measured directly, the carrier lifetime was inferred to be 40 picoseconds. The 
average drift length of the carriers is smaller than the average grain size and appears to  
be limited by defects within the grains. The carrier mobility in the MACVD films is 
higher than values measured in lower quality dc-plasma films but is much smaller than 
that of single-crystal natural diamond. 

w ITH THE DEVELOPMENT OF SYN- 

thetic diamond films made by 
chemical vapor deposition 

(CVD), diamond devices have been envi- 
sioned for consumer and industrial products 
such as space applications, process control 
equipment, electric power installations, and 
automobiles. Diamond electronic devices 
would be ideally suited for applications as- 
sociated with high power, high frequency, 
high temperatures, and harsh radiation en- 
vironments. This is clear from the extreme 
physical and electronic properties of dia- 
mond. Single-crystal natural diamond has 
the highest room-temperature thermal con- 

ductivity (20 W cm-' K- ') (I), the lowest 
coefficient of thermal expansion (0.8 x 

(2), the highest electron- and hole- 
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saturated velocities (1.5 x lo7 cm s-' and 
1.05 x lo7 cm s-', respectively) (3), the 
highest electrical breakdown field (lo7 V 
cm-') (4), a low dielectric constant (5.7) 
(S), high intrinsic resistivity (as high as lo2' 
ohm-cm) (6), and high electron and hole 
mobilities (-2000 and 1200 cm2 V-' s-', 
respectively). In addition, diamond is chem- 
ically inert and radiation-hard. The Keyes 
(7) and Johnson (8) figures of merit for 
diamond are nearly two orders of magnitude 
better than that for silicon. Simple proto- 
type diamond devices, such as p-n junction 
diodes and transistors containing both nat- 
ural and synthetic diamond, have been fab- 
ricated [see (9) ] .  

The recent growing interest in diamond 
stems from significant advances in the 
growth of synthetic diamond films made by 
CVD, which have led to films of large area 
and thickness and of improved quality (10). 
In the CVD method, a gas mixture contain- 
ing C and H is excited to form a plasma. A 
typical gas mixture contains -1% methane 
and -99% H,. Under certain gas pressure 
and substrate temperature ranges (typically 
20 to 100 torr and 700" to 950"C, respec- 
tively), graphitic (sp2-bonded) C growth is 
suppressed, while diamond-bonded (sp3- 
bonded) C is successfully deposited. Films 
with little or no nondiamond-bonded C can 
now be deposited on a variety of substrates. 

All CVD films deposited on nondiamond 
substrates to date are polycrystalline. Even 
so, the electrical and optical properties of 
CVD films are approaching those of natural 
diamond. For example, the resistivity of 
natural insulating diamond is typically great- 
er than 1015 ohm-cm, and values as high as 
1013 ohm-cm have been achieved in CVD 
films (1 1). Being able to produce CVD films 
with high resistivity is promising, but resis- 
tivitv alone does not determine whether a 
material is suitable for electronic applica- 
tions because the resistivity can depend on 
carrier concentration, carrier mobility, and 
space charge (12). Traditional characteriza- 
tion uses the Hall effect to determine both 
the mobility and the concentration of the 
carriers, but in undoped, insulating materi- 
als this measurement is difficult because of 
the low intrinsic carrier concentration (13). 

A powerfid technique that is suitable for 
characterizing such resistive materials is 
transient photoconductivity (PC), in which 
a known carrier concentration is created by 
intrinsic photoexcitation. From the magi-  
tude of the photocurrent and its transient 
decay, two fundamental properties for de- 
vice applications, the mobility and lifetime 
of the carriers. can be determined. This 
technique has been applied to natural IIa 
diamonds (14). In this report we discuss 
results on CVD polycrystalline diamond 
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Fig. 1. The Raman spectra of (A) a natural type 
IIa diamond and (B) a MACVD-grown diamond 
film. Both contain a sharp peak at 1332 cm-' and 
a featureless background, indicative of diamond- 
bonded C. 

films. Most of our results will pertain to 
films deposited by microwave-assisted CVD 
(MACVD); we also make some compari- 
sons to earlier dc-plasma CVD films (15). 
Our observations show that the optical ab- 
sorption, resistivity, and mobility of the 
films improved with better growth and 
processing. 

Although a variety of excitation sources 
are being used with CVD to produce dia- 
mond, MACVD is one of the most popular 
because of its ability to deposit high-quality 
material with low impurity concentrations. 
The technique is capable of depositing dia- 
mond on a variety of substrates. In this 
study, we deposited the films on two 2-inch 
silicon substrates (p-type, 1 to 10 ohm-cm), 
prescratched with diamond powder. Films 3 
and 6 pm thick were grown, and several 
samples 1 cm by 1 cm from each wafer were 
examined. The films were annealed after 
deposition at 600°C for 1 hour in a nitrogen 

atmosphere to improve and stabilize electri- 
cal resistivity (11). The optical absorption 
coefficients were also measured on these 
films for light of energy 6.1 1 eV (the energy 
of the laser to be described below). For 
natural diamond the optical absorption co- 
efficient is 5500 cm-' (16) at this energy. 
An integrating sphere was used to measure 
the absorption coefficients in the films at this 
photon energy, which were 7,500 (*2,000) 
cm-' for the 6-pm film and 10,000 
(22,000) cm-' for the 3-pm film. In addi- 
tion to electrical resistivity and optical ab- 
sorption, the Raman spectrum of the films 
was measured. 

Raman spectroscopy is one of the most 
widely used techniques for characterizing 
diamond films (17). The first-order Raman 
scattering from diamond produces a single 
sharp line at 1332 cm-', characteristic of 
the diamond bonding. The technique is 
sensitive to the presence of nondiamond 
bonding, which w h d  lead to a broad back- 
ground centered around 1550 cm-' (18). 
The spectra of the microwave film samples 
showed only the sharp Raman peak charac- 
teristic of diamond with very little amor- 
phous C, indicative of a high-quality dia- 
mond film (Fig. l ) .  Many of the properties 
of these films approach those of single- 
crystal type IIa diamonds. Properties of the 
dc films studied earlier were much poorer 
(Table 1). 

To prepare the films for PC measure- 
ments, we removed the silicon substrate and 
applied electrical contacts. The diamond 
film was first epoxied to an alumina sub- 
strate, and then the silicon was etched away 
with a mixture of hydrofluoric and nitric 
acids. Electrical conticts in the form of a 
microstrip transmission l i n ~  1 mm wide of 
200 A titanium and 5000 A gold were then 
evaporated on top of the diamond film and 
the alumina, leaving a gap of 1 mm in the 
center of the diamond as the photoactive 
region. The line served both as the contacts 
and as the top conductor of the microstrip 

Table 1. The microwave films have properties approaching those of the IIa diamond; FWHM, full 
width at half maximum. 

Property dc film (15) Microwave film Single-crystal IIa 
diamond 

Thickness sl krn 3 and6 km 1 x 1 x 3 m m 3  
Grain size Hundreds of -1 km Single crystal 

angstroms to 
1 km 

Raman Broad graphitic Peak, 1,332.5 to 1,332.9 cm-' 1,332.4, peak 
background (FWHM, 5.6 to 6.4 cm-'); (FWHM, 2.4 cm-') 

little gra hitic background 
Resistivity <lo4 lo8 to lo'! > 10l2 

(ohm-cm) 
Absorption at >40,000 6,000 to 10,000 5,500 (16) 

6.1 eV (l/cm) 
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transmission line. A voltage applied across 
the 1-mm gap defined the electric field need- 
ed for electrical conduction. Nearly linear 
current-voltage curves were measured, sug- 
gestive of good ohmic contacts. 

The PC technique uses light to excite free 
carriers for conduction. Photons with ener- 
gy greater than the 5.5-eV band gap are 
desired for intrinsic excitation. We used a 
frequency-tripled dye laser to provide 6.1 1- 
eV photons (19). Each laser pulse was 3 to 5 
ps in length and contained up to 50 kJ. The 
laser light was directed onto the 1-mm gap, 
and the absorbed energy was calculated 
from the measured incident energy and mea- 
sured absorption coefficients (Table l ) .  We 
approximated the density of initially excited 
carriers by dividing the absorbed energy in 
one absorption depth by the energy needed 
to create one electron-hole pair, that is, the 
photon energy, and by the volume of energy 
absorption, which was approximated by the 
area of the beam times the reciprocal of the 
absorption coefficient. 

Treating the laser excitation as a delta 
function, we can describe the carrier density 
n(t) by an exponential decay: n(t) = no 
exp(-tlr), where no is the initial excitation 
density and T is the lifetime of the free 
carriers. The measured current is propor- 
tional to n(t) and the mobility p. At low 
excitation densities, the measured decay 
time is equal to the lifetime of the free 
carriers. The integrated charge per pulse is 
proportional to the product pr, and, be- 
cause T can be measured from the decay, k 
can also be determined. One shortcoming of 
this technique is its inability to distinguish 
between electron and hole contributions to 
the current. The measured current is actually 
a weighted sum of the two contributions, 
with the weighting factor being the respec- 
tive lifetimes: pr = p,~, + pprp, where k, 
and CLI, and T, and T, are the electron and 
hole mobilities and lifetimes, respectively. In 
most cases, however, the photocurrent can 
be described by a single carrier density with- 
out distinguishing between electron and hole 
conduction. This approach has worked well 
in the treatment of natural diamonds (14). 

Applying this technique to natural IIa 
diamonds, we measured lifetimes that were 
sample-dependent, ranging from 100 to 600 
ps. Panchhi and van Driel (20) reported a 
lifetime of 150 ps in insulating diamond 
excited by sub-band-gap light. We also ob- 
served a range for the low-density mobility, 
pO, from 500 to 3000 cm2 V-' s-l, again 
depending on the sample. The temperature 
dependence of ko suggests that the scatter- 
ing mechanism is acoustic phonon scatter- 
ing (21). The results from our measurements 
are in good agreement with earlier studies 
on single-crystal diamonds based on the use 
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Fig. 2. The pr product for the 3-pm film. From 
the calculated fit, ko = 43 cm2 V-' s-' and T = 
44 ps for the 3-pm film (at an applied field of 3.0 
kV cm-', shown here). For the 6-pm film, po = 
50 cm2 V-' s-' and T = 28 ps (at a field of 4.0 kV 
cm- ') . 

of a variety of techniques. For example, 
Redfield (22) reported an electron mobility 
(pn) of 1800 cm2 V-l s-l and a hole 
mobility (kp) of 1200 cm2 V-' s-' using 
the Hall effect, Konorova and Shevchencko 
(23) measured p, to be 2000 cm2 V-' s-' 
and kp to be 1500 cm2 V-' s-' using the 
Hall effect, and Canali et al. (3) reported p, 
to be 2400 and p, to be 2100 cm2 V-l s-l 
using particle excitation and time-of-flight 
measurements. Exact agreement between 
studies is not expected because each natural 
diamond is unique in impurity and defect 
concentrations. 

When the technique was applied to the 
microwave films, the PC decay was extreme- 
ly fast at all laser intensities .and bias volt- 
ages. The material appeared to have a life- 
time less than the response time of the 
system (60 ps). Thus, the measurements 
could only set an upper limit on the lifetime. 
From the total integrated charge in the 

pulse, however, we could still measure the 
product of the mobility and the lifetime. 
Following the same procedure used for nat- 
ural diamonds (24), we measured this prod- 
uct as a function of excited carrier density. 
As was true in the single-crystal IIa dia- 
monds, the product in these films was a 
decreasing function of excitation density. 
The decrease was due to increased electron- 
hole scattering at higher densities. This scat- 
tering reduced the effective mobility by al- 
tering the total momentum of the electrons 
and holes. The mobility can be expressed 
analytically with the relation: k-' = + 
peh-l, where k, is due to scattering mech- 
anisms independent of the density and ke, is 
the mobility associated with electron-hole 
scattering. The following expression de- 
scribes peh in diamond (24): 

where T is the temperature. The points in 
Fig. 2 show the pr product extracted for the 
3-pm film as a function of carrier density. 
The solid line in Fig. 2 is calculated from the 
analytic expression. In matching the KT 

product with the calculated curve for the 
mobility, the proportionality constant was 
the inferred lifetime. Thus, by using Eq. 1 to 
describe the mobility at high densities, we 
could determine the lifetimes, even though 
they could not be directly measured. 

To our knowledge, the only other studies 
related to these are dc measurements using 
the Hall effect on p-type (25) and q-type 
(26) doped CVD films by Okano at Tokai 
University and Nishimura (27) at Kobe 
Steel. Okano arrived at a hole mobility of 44 
cm2 V- 1 s - 1 and an electron mobility of 50 

Table 2. Conditions and results for the microwave and dc-plasma films. The error in the decay 
times for the fast component is about 30%. The error in the mobilities is a factor of 2. The drift 
distance d is compared to the average grain size g in the various samples; the ratio suggests that 
most carriers do not traverse a typical grain. 

Maximum 
Sample field Fast decay Slow decay Resistivity p (cm2 d 

(V cm-') (ps) (ns) (ohm-cm) V-' s-') (A) 

Natural IIa 

Film (6 pm) 
Film (3 pm) 
dc 1 
dc2 
dc3 
dc4 
dc5 
dc6 
dc7 
dc8 

50 
Little/no tail 
Little/no tail 

20 
Little/no tail 

20 
9 

None 

cm2 V-' s-' , whereas we inferred 50 ( 2 10) 
cm2 V-' s-' for the combined electron and 
hole mobility. Nishimurq reported a mobil- 
ity around 1 cm2 V-' s-'. He attributed 
this unusually low value to impurity band 
formation and scattering by ionized and 
neutral impurities, which was strong as a 
result of heavy doping concentrations 
(> 1019 ~ m - ~ ) .  

The quality of the microwave films was 
much better than that of the earlier dc- 
plasma CVD films (1 5). The dc-plasma films 
contained a substantial amorohous C con- 
tent and may be termed diamond-ljke C 
films. The Raman scattered signal from 
these films at 1330 cm-' showed onlv a 

i 

small amount of sp3 bonding and a signifi- 
cant background from nondiamond-bonded 
C. The electrical resistivity of the dc-plasma 
films was also much lower than that of the 
microwave films (= lo4  ohm-cm). The ab- 
sorption coefficient at 6.11 eV was consid- 
erably larger, varying from film to film be- 
tween 4.5 x lo4 and 6.8 x lo4 (+5000) 
cm-'. 

The sensitivity to photoexcitation also 
reflected the lower quality of the dc-plasma 
films compared to the microwave films. The 
pr products for the dc-plasma films were on 
the order of lo-'' to 10-l2 cm2 V-', 
compared to lop9 cm2 V-l for the micro- 
wave films and lop6 cm2 V-' for the natu- 
ral diamonds. An undetermined scattering 
mechanism dominated even the electron- 
hole scattering effect at high densities in the 
dc-plasma films, and thus no density depen- 
dence was observed in the pr product. In 
most of the dc films, the decay consisted of a 
fast component similar to that of IIa dia- 
monds bi t  also contained a much longer tail 
that persisted for as long as 50 ns, most 
likely due to thermal detrapping from shal- 
low traD states. 

With both microwave and dc films. no 
obvious relation was observed between the 
decay times and the average grain size, 
which varied from 0.01 to 2 pm, depending 
on the sample. A simple estimate of the 
distance traveled before capture indicates 
that most of the carriers do not drift far 
enough to reach the grain boundaries (Table 
2). This distance can be described by the 
average drift distance d, given by d = fir ,  
where E is the applied field. The estimated 
drift mobilities (Table 2) are much lower 
than values measured in natural diamonds 
and are most likely limited by scattering and 
capture by defects within the crystallites. 
The drift distance at the highest applied 
fields (Table 2) and the ratio of d to the 
average grain size g in the films are much 
larger for the microwave films than for the 
dc films, a reflection of the improved mobil- 
ity. The ratio in general was much less than 
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1 .O, with the best value being less than 0.1. 
If carriers were being trapped out at the 
grain boundaries, shorter decay times at 
higher fields would be expected, but this was 
not observed. Rather, the decay times were 
independent of the field in all samples. 

Although both types of films appear to 
contain a high density of traps, their nature 
and energy distribution appear to be differ- 
ent, on the basis of the shape of the decays. 
The slow tail in the dc films is likely due to 
carrier detrapping, which involves the cap- 
ture of electrons (or holes) by a shallow trap 
level. Thermal excitation then brings these 
carriers back into the conduction (or va- 
lence) band. In the samples with little or no 
tail, the trap levels may be deep enough that 
detrapping becomes insignificant. It is pos- 
sible that just small changes in growth pa- 
rameters between films is enough to alter the 
depths and distributions of the traps. It is 
common in polycrystalline materials to find 
large densities of traps, either discrete or 
continuous in energy distribution. An expo- 
nential distribution of traps in microwave 
diamond films has been observed (14, and 
others have reported high densities of accep- 
tor states distributed over several electron 
volts above the valence band (28, 29). In 
natural single-crystal diamonds, nitrogen 
impurities play an important role in carrier 
recombination (24). In the case of the poly- 
crystalline diamond films, high densities of 
defects, most notably dislocations, stacking 
faults, twins (30, 31 ), and impurities, have 
been observed, which can act as trapping 
and recombination sites. In fature investiga- 
tions it will be necessary to relate these 
structural defects and their densities with 
measured electrical properties. 

Although the electrical properties of poly- 
crystalline diamond are steadily improving, 
the material is still much poorer in quality 
than single-crystal natural diamonds. For 
example, the low-density mobility of the 
best films studied here is between 10 to 100 
times less than that of single-crystal natural 
diamond. In order to use CVD diamond for 
device applications, the defect densities must 
be lowered to improve both lifetime and 
mobility. The material is promising, howev- 
er, because of the ability to control the 
processing. Recent improvements in the 
quality of the h s  are encouraging. Epitax- 
ial diamond films have been deposited with 
properties very close to those of the dia- 
mond substrate (32), demonstrating that the 
CVD technique is capable of producing 
high-quality diamond. 
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Compressibility of M,C,, Fullerene Superconductors: 
Relation Between T, and Lattice Parameter 

X-ray *action and diamond anvil techniques were used to measure the isothermal 
compressibility of K3C6, and Rb3C6,, the superconducting, binary alkali-metal 
intercalation compounds of solid buckminsterfullerene. These results, combined with 
the pressure dependence of the superconducting onset temperature T, measured by 
other groups, establish a universal first-order relation between T, and the lattice 
parameter a over a broad range, between 13.9 and 14.5 angstroms. A small second- 
order intercalate-specific effect was observed that appears to rule out the participation 
of intercalate-fullerene optic modes in the pairing interaction. 

A NUMBER OF ISOSTRUCTURAL BI- 

nary and pseudobinary alkali metal- 
C6, superconductors have been dis- 

covered that have onset temperatures Tc 
ranging from 18 to 33 K (1). Their general 
formulas are M,-&',C,,, and their face- 
centered-cubic latticeo parameters a range 
from 14.25 to 14.49 A at atmospheric pres- 
sure and 300 K. A monotonic increase of Tc 
with alkali size is inferred from an empirical 
linear correlation between T, and a at con- 
stant pressure (1). Moreover, Tc decreases 
with increasing pressure for the binary com- 
pounds with M = K (2, 3) and Rb (4), and 
the two sets of Tc(P) data can be superposed 

by a relative shift of the pressure scales (4). 
These results both suggest that Tc depends 
only on the overlap between near-neighbor 
C,, molecules and not explicitly on the 
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