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most susceptible to the impact of pollution
aerosols on their albedo (27). However, the
findings here suggest that this susceptibility
does not translate into large sensitivity to an-
thropogenic land-based aerosols as currently
believed, for two reasons: (i) Aerosols in a
cloudy marine boundary layer are deposited
quickly by cloud processes; and (ii) when pol-
lution aerosols manage to interact with clouds
over the sea, the sea salt reduces the supersat-
uration and hence the droplet concentrations
and cloud albedo. These are likely causes for
the larger cloud drop r, . for the same aerosol
index over the ocean as compared to land (28),
recently observed by satellite, which has been
unexplained until now.
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High Carrier Mobility in
Single-Crystal Plasma-Deposited
Diamond

Jan Isberg,'* Johan Hammersberg,! Erik Johansson,’
Tobias Wikstrom,? Daniel ). Twitchen,? Andrew ). Whitehead,?
Steven E. Coe,? Geoffrey A. Scarsbrook?

Room-temperature drift mobilities of 4500 square centimeters per volt second
for electrons and 3800 square centimeters per volt second for holes have been
measured in high-purity single-crystal diamond grown using a chemical vapor
deposition process. The low-field drift mobility values were determined by using
the time-of-flight technique on thick, intrinsic, freestanding diamond plates and
were verified by current-voltage measurements on p-i junction diodes. The
improvement of the electronic properties of single-crystal diamond and the
reproducibility of those properties are encouraging for research on, and de-
velopment of, high-performance diamond electronics.

The desire for electronic devices with higher
power throughput, wider frequency bandwidth,
and higher operational temperatures is driving
research and development of new semiconduc-
tors. One such area is wide—band-gap materials.
Diamond is extreme in this group of materials,
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which includes SiC, ZnO, and GaN, having a
direct band gap of 7.5 eV, an indirect gap of 5.5
eV, and a room-temperature thermal conductiv-
ity in excess of 2000 W/mK. Diamond electron-
ic devices, such as power diodes and high-
frequency field-effect transistors, are expected
to deliver outstanding performance because of
the material’s excellent intrinsic properties, such
as high carrier mobilities and high breakdown
field (1, 2). However, the development of dia-
mond electronics has been hampered by several
problems, such as a lack of shallow dopants,
heteroepitaxy as a route to large-area single-
crystal growth, low crystal quality, and poor

consistency of synthetic material. Nevertheless,
interesting devices have been made; for exam-
ple, Koizumi and co-workers have recently re-
alized an ultraviolet light—emitting p-n diode in
diamond (3).

Synthetic diamond has been produced for
the past 50 years with high-pressure high-tem-
perature (HPHT) technology and more recently
by chemical vapor deposition (CVD). CVD of-
fers a process for producing high—crystalline
quality diamond under tightly controlled condi-
tions. Although high-quality polycrystalline di-
amond with many properties that approach
those of the best natural diamonds is now com-
mercially available, the presence of grain
boundaries impedes electronic performance, so
that the only option for the most demanding
applications is single-crystal CVD diamond.
Despite more than 10 years of intensive research
in this area, the best material suitable for elec-
tronic applications that has been reported is thin
layers (typically <<<100 pm) having electronic
properties, such as carrier mobility and lifetime,
similar to those measured in specially selected
natural type Ila diamond (4). Reported room-
temperature values of carrier mobility () in
type Ila diamond are typically in the range of
2000 to 2800 c¢m?/Vs for electrons and 1800 to
2100 cm?/V's for holes. This is the case for both
Hall (5, 6) and drift (7, 8) mobility measure-
ments. In homoepitaxial boron-doped CVD di-
amond, Yamanaka et al. (9) have measured a
Hall hole mobility of 1840 ¢cm?Vs. Improve-
ment in electronic properties such as carrier
mobility and lifetime can be directly related to
enhanced crystalline quality and reduced defect

6 SEPTEMBER 2002 VOL 297 SCIENCE www.sciencemag.org



(point and extended) concentration, because the
carrier mobility is limited by defect-scattering
mechanisms.

The samples discussed in this report were
synthesized with a microwave plasma-assisted
CVD reactor operating at a frequency of 2.45
GHz. For the time-of-flight (TOF) measure-
ments, homoepitaxial CVD diamond layers
were deposited on specially prepared <100>-
oriented HPHT synthetic diamond substrates
measuring 4 by 4 by 0.5 mm. Care was taken to
ensure that the surface quality of the substrates
was as high as possible and that the substrates
were free of metallic inclusions that can act as
sources of dislocations in the epitaxial over-
layer. A pre-growth etch phase was followed by
epitaxial overgrowth under conditions of high
purity. The growth conditions used were as fol-
lows: total gas flow of 700 standard cubic cen-
timeters per minute (consisting of hydrogen
with ~5.5% methane and ~10% argon), pres-
sure of >15 kPa, and a substrate temperature (7)
of ~830°C. After synthesis, the high-purity epi-
taxial overlayer was first separated from its
HPHT diamond substrate by a laser cutting
technique and then polished by means of stan-
dard lapidary techniques to give a freestanding
high-purity plate. The plate thickness, L, ranged
between 390 and 690 pm. Finally, semitrans-
parent titanium/aluminum/gold contacts, 4 mm
in diameter, were formed on the {100} surfaces.

The p-i junction diodes were grown using a
technique similar to that used for the high-purity
layers described above. Similar p-i structures
have previously been reported (10, /1). Heavily
boron-doped layers were synthesized by addi-
tion of diborane (B,H,) to the source gas mix-
ture. The resulting concentration in the solid was
1 X 10?° boron atoms ¢m™>, measured by sec-
ondary ion mass spectroscopy (SIMS). After
removal from the HPHT substrate and subse-
quent polishing, thin high-purity layers were
deposited on the boron substrates, producing p-i
structures with i-layer thicknesses ranging from
10 to 18 pum. Ohmic contacts were fabricated on
the boron-doped surface by implanting it with
2 X 10'® cm™~2 boron ions at 37 keV, followed
by a high-vacuum anneal at 1100°C. Titanium/
aluminum/gold contacts were then formed on
this implanted surface by means of physical
vapor deposition combined with standard li-
thography and wet chemical etching. The con-
tacts were annealed in argon at 600°C. The
finished p-i junction diodes consisted of an
ohmic contact to an ~300-pm-thick boron-
doped diamond layer supporting a thinner oxy-
gen-terminated intrinsic layer with a blocking
gold contact, 1 mm in diameter.

The intrinsic CVD diamond was charac-
terized with Raman, electron paramagnetic
resonance, SIMS, photoluminescence, cathodo-
luminescence (CL), X-ray rocking curve, trans-
mission electron microscopy, and traditional
absorption techniques. The material was found
to be of exceptional purity with respect to in-
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trinsic and extrinsic defects, showing a charac-
teristically strong CL free-exiton signal at 235
nm and a measured total nitrogen concentration
below 1 X 10" cm™3. In addition, the growth
conditions and careful substrate preparation re-
sulted in a very low dislocation density (<106
cm~2), It is to the low defect and dislocation
densities that we attribute the high mobilities
and long carrier lifetime reported below.

In the reverse direction, the best diodes were
capable of blocking in excess of 2.5 kV, despite
lacking any specifically designed edge termina-
tion. Figure 1 shows typical current-voltage
(I-V) curves in the forward direction. The con-
ductivity in the intrinsic layer of the diode is
controlled by space charge-limited transport,
which obeys the Mott-Gurney law j = 9/8 ep
V2/d, where j is the current density, p the hole
drift mobility, ¥ the bias, and d the thickness of
the intrinsic layer. A series resistance was add-
ed to account for ohmic losses, and the hole
injection is modeled assuming a simple Schot-
tky model (12, 13). The hole mobility extracted
from the fits is plotted in Fig. 2 for temperatures
in the interval from 300 to 540 K. At 300 K, the
hole mobility was measured to be 4100 * 400
cm?/Vs, which is a factor of 2 higher than is
typically quoted for natural single-crystal dia-
mond (/4). For temperatures between 300 K <

T < 380 K, the mobility shows a 7~*2 depen-
dence indicative of acoustic phonon scattering
as the limiting mechanism; whereas at higher
temperatures, 400 K < T < 540 K, there exists
a steeper dependence, u ~ 737, in agreement
with previous results on high-purity, natural,
type Ila diamond (/5).

The TOF technique was used to determine
the low-field drift mobilities of both electrons
and holes. The samples were biased along the
<100> direction by means of a transmission
line bias circuit with one surface illuminated
through the semitransparent contact, using a
quintupled 5-ns Nd:yttrium-aluminum-gamet
(Nd:YAG) laser pulse with a repetition rate of
10 Hz. The quintupled Nd:YAG laser yields a
strongly absorbed, above-bandgap, 213-nm la-
ser pulse with only a 3-um penetration depth.
The bias is applied in short pulses in order to
minimize charge buildup and resulting polariza-
tion effects. The transient current was measured
at a controlled temperature for various bias volt-
ages. Parameters such as the carrier mobilities
(1 and p,) and carrier lifetime can be deter-
mined from the characteristic features in the
transient current data. This method has previ-
ously been used to determine electron and hole-
drift mobility in natural type Ila diamond (7, &)
in the low injection regime. Here we used TOF

Fig. 1. Examples of
measured forward /-V
data on the p-i junc-
tion diodes, together
with best fits from the
model described in the
text.

Fig. 2. Extracted mobility data

from p-i junction diode measure-
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in the high injection regime, where the carrier
transport is space charge-limited [for a theoret-
ical background, see (16, 17)]. Near the illumi-
nated electrode, a reservoir of carriers is created
that is rapidly thermalized. The first current
peak (Fig. 3) results from the screening of the
field in this electron-hole plasma (/8). Subse-
quently, carriers attracted by the bias move
through the sample, and the second peak occurs
at a time, T, when the first carriers reach the
opposite electrode. The third broad current peak
in Fig. 3 is attributed to ambipolar diffusion of
the carrier plasma [referred to as the ambipolar
diffusion and drift current (ADDC) peak in the
following discussion]. The choice of bias polar-
ity determines whether the transit of electrons or
holes is observed. For low bias, T, varies in
inverse proportion to the bias U as 7oz = BLY
W, .U, where B is a correction factor that de-
pehds on sample thickness and the light absorp-
tion profile (/7). Deviations from unity are due
to the inhomogeneous field distribution during
the space charge-limited transit (SCLT).

To further understand the transient current
data, the experiment was modeled by numeri-
cally solving the coupled drifi-diffusion and
Poisson’s equations for various electron and
hole mobility values. The simulated currents
were found to be in excellent agreement with
the experimental data. Using the calculated val-

Fig. 3. Experimental TOF for a 690-um-
thick single-crystal CVD diamond sam-
ple with a bias of 30 V (with cathode

illuminated) at 25°C. The characteristic 4 q

features of the curve are explained in
the text.

Current (mA)

Fig. 4. TOF data (sym- 1000
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ues of B, which varied between 0.66 and 0.71
depending on sample thickness, the low-field
drift mobilities were extracted from the mea-
sured data. This method of combining the
SCLT current technique with a numerical cal-
culation of B was validated by measuring the
carrier mobility in a sample of high-purity sili-
con, which showed excellent agreement with
numbers reported in the literature (19, 20).

The TOF data for the CVD diamond sam-
ples, measured at 25°C, are plotted against
U/BL? (Fig. 4). From the data, it is clear that the
room-temperature mobility can reach values as
high as 4500 and 3800 cm?/Vs for electrons and
holes, respectively. This value of the hole mo-
bility is in agreement with the result obtained
from the p-i junction diodes. The distribution of
the mobility values between the samples is re-
lated to variations in material quality (that is, the
crystal perfection and defect density), but in
every case the high values indicate the superior
quality of the diamond over previously reported
material.

For the SCLT and ADDC peaks to be
observed in the experiments requires material
of high quality in which the lifetimes of the
electrons and holes are longer than the dura-
tion of the transport process responsible. The
SCLT peak requires carrier lifetimes of sev-
eral tens of nanoseconds, and the ADDC peak

Current (mA)
N

0 v T v v
0 20 40 60 80 100

Time (ns)

0 2 4 6 8 10
Time (us)

100

bols) measured at 25°C B

for electrons (left scale)

and holes (right scale).

The dashed lines indi-
cate the minimum and

10

100 G

maximum  mobilities

measured: 3500 to

O™ 7

4500 cm?/Vs for elec-

trons and 2600 to 3800

ToF (ns)
/

cm?/Vs for holes. Sam-

ple thickness and cor-
rection factors are as
follows: #1, L = 391 !
wm, B = 0.66; #2,L = -

AQ<€40@
3*
()

690 um, B = 0.71; #3,

0.1

L = 496 um, B = 0.68; 1
#4,0 = 391 pm, B =
0.69.

10 100
U/BL? (kviem?)

requires carrier lifetimes in excess of a mi-
crosecond, corresponding to a charge collec-
tion distance at 1 V/um in excess of 10 cm.
Only in the best quality single-crystal mate-
rial can the ADDC peak be observed. By
comparing with the simulations, it is possible
to conclude that the carrier lifetime exceeds 2
ps in these samples. This constitutes a dra-
matic improvement as compared with life-
times previously observed in “high-quality”
natural and polycrystalline CVD diamond
samples (21).

The experimentally determined values for
the electron and hole mobility of 4500 and
3800 cm?/Vs, respectively, as well as the
long carrier lifetime, are indicative of a sig-
nificant improvement in the electronic quality
of thick, freestanding, single-crystal CVD di-
amond and represent a major step toward the
realization of viable diamond electronic de-
vices. Many problems concerning the fabri-
cation of diamond devices remain to be
solved, but these results and the performance
of the p-i diamond diode indicate that the
potential of single-crystal CVD diamond as a
wide-band-gap semiconductor is substantial
and will eventually allow the expansion of
the boundaries of electronics technology.
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